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ABSTRACT

Cancer is one of the most devastating and major causes of death worldwide. In 2018, there
were an estimated 18.1 million new cases and 9.6 million deaths globally. Most cancer-related
fatalities, over 90%, are caused by the spread of cancer cells to other parts of the body, known
as metastasis. Similarly, around 80% of deaths resulting from breast cancer are due to
metastasis. Approximately 15-25% of breast tumours metastasise to the brain, and the outlook
for patients with breast-to-brain metastasis is poor. Although it is established that mutations
are responsible for driving metastasis, the specific gene alterations that promote brain
metastasis remain unknown. Breast-to-brain metastasis occur when primary breast tumour cells
disseminate to the brain, proliferating to form secondary tumours. Recent research has shown
that metastatic brain cancer expresses neurotransmitter receptors and forms synaptic-like
connections with neurons, contributing to tumour growth and survival. Exome sequencing of
26 breast-to-brain metastasis (BBM) cancers identified ARFGEF3 mutations in the BBM
samples. This suggests that the absence of ARFGEF3 in breast cancer cells plays a role in the
development of brain metastasis. The research presented here aims to uncover the molecular
mechanisms underlying the metastatic process and identify potential therapeutic targets for

preventing or treating brain metastasis in breast cancer patients.

The knockout of ARFGEF3 by CRISPR Cas9 gene editing results in the regulation of several
neurotransmitter receptors in a breast cancer cell line. The results presented here suggest a
mechanism where mutations in ARFGEF3 may facilitate metastasis to and proliferation in the
brain. Understanding this mechanism could facilitate the development of new therapeutic drugs
targeting these pathways, potentially improving the treatment outcomes for metastatic breast

cancer patients.
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1. INTRODUCTION



1.1 Cancer and its Epidemiology

Cancer is one of the most destructive categories of human diseases, characterised by a wide
range of distinctive clinical symptoms and resulting in millions of deaths worldwide each year
(Upadhyay, 2021a). The worldwide prevalence of cancer has significantly increased. The
World Health Organisation (WHO) forecasts an alarming 70% surge in new cancer cases over
the next 20 years. Although there have been advancements in treatment and prognosis in recent
decades, cancer now ranks as the second leading cause of death (Arem and Loftfield, 2018).
According to WHO, malignancies have the highest global burden, with 244.6 million
disability-adjusted Life Years (DALYs), affecting both men (137.4 million DALYs) and
women, surpassing that of ischemic heart disease and stroke. Among women, breast cancer is
the prevailing form of cancer, with a total of 2.09 million cases. It has the highest age-

standardised incidence rate, namely 46.3 % of 100,000 women (Mattiuzzi and Lippi, 2019).

Cancer encompasses a diverse spectrum of diseases, which are categorised according to their
primary site of origin in the body, in addition, they are also classified by the specific type of
cell from which they originated. There are 5 main types: Carcinoma, sarcoma, leukaemia,
lymphoma and myeloma, and brain & spinal cord cancers (Cancer Research UK, 2024).
Carcinomas constitute approximately 90% of human malignancies and are tumours that
originate from epithelial cells. Sarcomas are relatively rare in humans, which are cohesive
tumours originating in connective tissues such as muscle, bone, cartilage, and fibrous tissue.
Leukaemia and lymphoma, which make up approximately 8% of all human cancers, originate
from hematopoietic cells and immune system cells. Tumours can be characterised by the
specific cell type affected; for example, fibrosarcoma arises from fibroblasts, whereas erythroid

leukaemia originates from erythrocyte precursors (IncCooper GM., 2000).



Cancer is a pathological condition characterised by altered signalling and metabolism, resulting
in the uncontrolled proliferation and survival of the mutated cells (Brown ef al., 2023). Benign
tumours are non-cancerous growths that remain localised and do not spread to other body parts.
They do not metastasise to adjacent anatomical structures or to distant anatomical sites. Benign
tumours exhibit a modest growth rate and possess well-defined boundaries. Malignant tumours
consist of cells that undergo uncontrolled growth and have the ability to spread both locally
and to distant locations. Malignant cells spread to distant sites via the circulation or lymphatic

system, a phenomenon referred to as metastasis (Patel, 2020)

Cancer development is a multistage process that occurs due to mutations in several genes
responsible for regulating cell proliferation, apoptosis, and metabolic pathways (Kontomanolis
et al.,, 2021). These mutations disrupt the regular signalling pathways (Sever and Brugge,
2015). Mutations in proto-oncogenes can alter them into oncogenes and however, mutations in
tumour suppressor genes result in suppression of function, enabling the cancer cells to evade
regulatory control and proliferate (Dakal et al., 2024). This activation/inactivation can trigger
dysregulated cell cycling and cell death (Sarkar et al., 2013). The loss of proliferative and
structural control enables the movement of cancer cells through the bloodstream and lymphatic
vessels to distant areas of the body, which results in migration and invasion (Hanahan and
Weinberg, 2011; Sarkar et al., 2013; Fares, Fares, et al., 2020). Cancer progression is affected
by an intricate interplay among the tumour cells, adjacent non-cancerous cells, and the

extracellular matrix (ECM) (Sever and Brugge, 2015).

1.2 Hallmarks of Cancer
The hallmarks of cancer were originally proposed as six biological capabilities that are
developed throughout the complex and gradual development of human cancers. These

hallmarks serve as a fundamental framework for simplifying the intricacies of neoplastic



disease (Hanahan and Weinberg, 2011). It was initially proposed by Weinberg and Hanahan
and was eventually broadened to ten distinct capacities and four enabling characteristics. The
current hallmarks (Figure 1.1) consist of maintaining evading growth, suppressors proliferative
signalling, initiating or accessing vasculature, resisting cell death, enabling replicative
immortality, activating invasion and metastasis, changing cellular metabolism, unlocking
phenotypic plasticity, and avoiding immune destruction (Hanahan, 2022). In a recent review,
Hanahan established a correlation between cancer hallmarks and the neurological system,
which states that the nervous system significantly impacts tumour innervation and the

functioning of neuronal regulatory circuits in cancer (Hanahan and Monje, 2023).

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
metabolism destruction
Resisting Enabling
cell replicative
Genome “@7 Tum ool
instability & promoting
mutation inflammation
Inducing/ Activating
accessing invasion &
vasculature metastasis

Figure 1.1 The Hallmarks of Cancer - A Framework of Tumor Progression.



The conceptual framework known as the “Hallmark of Cancer” is a fundamental and
distinguishing characteristic of cancer. This schematic representation outlines the ten hallmarks
of cancer, which are key biological processes enabling tumour development and survival
(Hanahan and Weinberg, 2011).

1.3 Cancer Molecular Biology

Carcinogenesis is a multistage process in which the genes involved in maintaining the balance
between cell proliferation and apoptosis are mutated, thus causing uncontrolled cell growth,
breakdown of the general metabolic cycle, cell invasion, and metastasis (N Kontomanolis et
al., 2021). Numerous genetic alterations have been documented that can transform healthy
human cells, leading to the development of tumours and the onset of cancers (Upadhyay,
2021b). Mutations in these cellular protooncogenes can transform them into oncogenes by
activating them. This conversion can occur due to point mutations, chromosomal
abnormalities, deletions, or insertions, base substitutions, (Markowitz and Bertagnolli, 2009).
The common alteration in oncogenes is point mutation, where one amino acid of the protein is
changed (Botezatu ef al., 2016). There are more than 40 oncogenes identified and studied so
far, and the most notable oncogenes are RAS and BRAF(Adamson, 1987; Torry and Cooper,

1991; Botezatu ef al., 2016; N Kontomanolis et al., 2021).

One of the most studied proto-oncogenes is the RAS family, which comprises K-RAS, N-RAS,
and H-RAS, where each RAS have its own designated mutation site (Singh, Thakur and Kumar,
2023). These encode small GTPases involved in cell signalling transduction pathways that
regulate cell proliferation, differentiation, and survival (Motoi et al., 2000). When proto-
oncogenes such as one of the RAS proteins, c-MYC, or Cyclin-D, is activated into an oncogene,
it often mutates only one allele. This mutation commonly arises at certain specific codons,
leading to constant activation of RAS protein that continuously signals cell proliferation, even

in the absence of growth factors (Motoi et al., 2000; Fares, Fares, et al., 2020). Proto-oncogene



can also be activated through chromosomal abnormalities like chromosomal rearrangement,

chromosomal translocation, gene amplification and gene fusion(Torry and Cooper, 1991).

Gene amplification refers to the gene amplification of a restricted chromosomal arm region,
(Albertson, 2006). Some examples of such amplicons are GRB7 ( (StAR)-related lipid transfer
domain containing 3), RARa (Retinoic acid receptor alpha), MITF targets genes involved in
cell-cycle arrest (INK4a and p21), cell survival (B-cell CLL/lymphoma 2, BCL2) and cell
proliferation (CDK2 and TBX2), and differentiation (7YRPI, TYR, DCT, PMELI17, AIM-1,
and MARTI), which are found in patients of different breast, lung, gastric, oesophageal and
other types of cancers (Matsui ef al., 2013). An increase in the number of copies leads to an
increase in the expression, affecting the cellular process involved (Albertson, 2006). In cell
proliferation, c-MYC amplification is typically associated with a 20-fold increase in lung
carcinoma or leukaemia, whereas amplification of 5 to 1000-fold in N-MY C can contribute to
the development of neuroblastoma or retinoblastoma and erbB-2 amplification of about 15-30-

fold is observed in some instances of breast cancer or ovarian cancer (Botezatu et al., 2016).

Inhibition of apoptosis leads to uncontrolled growth, resulting in cancer formation. It occurs
through two main pathways: the intrinsic and extrinsic pathways, where several disruptions
have been observed in both (O’Brien and Kirby, 2008). The path significantly depends on the
pro-apoptotic and anti-apoptotic signal equilibrium (Power, Fanning and Redmond, 2002). In
some cancers, it is observed that p53, which is the apoptosis-controlling factor, is mutated or
has disrupted function, whereas in some other cancers, Bcl-2 is overexpressed (O’Brien and
Kirby, 2008). Bcl-2 regulates apoptosis with pro-apoptosis and pro-survival proteins as
subgroups (Power, Fanning and Redmond, 2002). Abnormally high expression of BCL-2 is
frequently observed in different cancers, and it is noted that this overexpression renders the

malignant cell resistant to many anti-cancer agents that cause cell death (Kaloni et al., 2023).



In the BCL-2 family, BCL2, BCL-w, BCL-xl, and MCL-1 are anti-apoptotic members, whereas
pro-apoptotic members include BAD, BID, and BAX. Overexpression of pro-apoptic proteins
makes cells more susceptible to apoptosis, while overexpression of anti-apoptotic proteins

makes them more resistant (Kaloni et al., 2023).

Tumour suppressor genes (TSGs) are often mutated or downregulated, leading to protein
degradation or inactivation (Liu et al., 2015) Examples of commonly dysregulated TSGs
products include the retinoblastoma protein (RB), BRCAI1 and 2, p53, ATM, CHK2, NBSI,
RADS50, PALB2, and BRIP (Lee and Muller, 2010). Most of the genes mentioned here are
frequently disrupted in breast cancer. Additionally, it has been observed that a mutation in one
gene might impact the gene expression of other associated tumour suppressors (Liu ef al.,
2015). The RB pathway is commonly disrupted in cancer by either the inactivation of RB and
CDK inhibitors or by amplification of cyclin D. RB regulates the G1-S phase transition, and
alteration of RB causes disruption of the cell cycle, thus producing cancerous cells (Lee and

Muller, 2010).

p53 activation generally induces protein transcription involved in cell cycle regulation, DNA
repair, senescence, apoptosis, autophagy and metabolism of tumour cells. In most cancers, p53
is observed to have single base-pair substitution in the central and most conserved DNA-
binding domain of p53, thus disrupting transcription of the said protein and resulting in cancer
cell production (Liu et al., 2015). The tumour suppressor genes BRCA 1, and BRCA?2 are found
to be mutated in more than 10% of patients with breast-ovarian cancer syndrome. This mutation
1s somatic dominant in inheritance (Lynch, Marcus and Rubinstein, 2008). Cancer patients tend
to develop different tissue cancers based on the BRCA type mutated. Cancer development
heavily depends on various factors and genes and vastly differs between patients, thus causing

the complexity in diagnosis and treatment of the disease itself (De Talhouet ef al., 2020).



1.4 Breast Cancer and its Incidence

Breast cancer is the second most common cancer reported so far (Maughan, Lutterbie and Ham,
2010). One in twelve females between 1 and 85 years old tends to get breast cancer in Britain
(Akram et al., 2017). The global incidence rate is 48/1000000, ranging from < 30/1,00,000 in
sub-Saharan Africa to >70/1,00,000 in Western Europe and North America. Based on these
criteria, it can be inferred that the outcome may depend on variables like overall population.
The other risk factor is age. Over a third of breast cancer in UK is observed in females over the
age of 70 and less than one in five under the age of 50 females. Factors can be classified as
reproductive and non-reproductive factors. Risk is high before menarche and after the
menopause period due to less breast-feeding incidence. Non-reproductive risks are obesity and
alcohol consumption. 5-10% of patients have genetic or hereditary causes; eight out of nine
female patients are not due to hereditary causes. In 2020, over 685,000 females worldwide have
died due to breast cancer (Wilkinson and Gathani, 2022). 25-30% of patients develop cancer
recurrence and are at risk of death from disease dissemination. In 2020, breast cancer
constituted over 24.5% of all cancer cases and 15.5% of cancer-related fatalities among
women, ranking first in both incidence and mortality in most nations worldwide(Lei et al.,
2021). 5-10% of patients tend to develop metastasis at the initial stage of cancer itself, and
over 20% develop disease recurrence at a later stage. It also noted that the 5-year survival rate
1s 27% 1n the metastatic disease stage. Generally, it is said that 53.2% of patients have luminal
A (LABC) subtype, 18.5% have luminal B (LBBC), 18.5% have triple negative, and 9.8% have
HER2+. Within triple-negative breast cancer (TNBC), 30.6% accounted for brain metastasis,

while in HER2+, 42.3% of patients had neural metastasis (Courtney et al., 2022).

It is noted that developing brain metastasis has one of the worst treatment outcomes and has a

high risk of recurrence (Courtney et al., 2022). Even though there is a significant improvement



in diagnosis and treatment techniques, it is still a challenge when it comes to advanced-stage
cancer treatment, resulting in a high mortality rate (Ivanova et al., 2023). Breast cancer is
broadly divided into invasive and non-invasive. In non-invasive is either lobular carcinoma in
situ or ductal carcinoma in situ, where the cancer usually does not have metastasis tendency.
Invasive can be infiltrating ductal carcinoma, infiltrating lobular carcinoma, inflammatory
breast cancer, mucinous carcinoma, tubular carcinoma, medullary carcinoma, Paget’s disease
of the breast, phyllodes tumour or triple-negative breast cancer based on the part of the organ
where the cancer cells form (Breast Cancer Treatment (PDQ®)—Patient Version, no date). The
treatment heavily depends on stage, histology and biomarkers assessment results. The most
common therapies include chemotherapy, radiotherapy, and surgery. Each subtype is based on
the chemical biomarker, tumour position, shape, size and invasive nature. After the treatment,
the cancer can recur locally, in nodes or at a distant metastatic site (Maughan, Lutterbie and
Ham, 2010). The prevailing issue associated with cancer is metastasis. The most common
metastasis sites are bone, liver, lung and brain, where brain metastasis causes significant
mortality (Hosonaga, Saya and Arima, 2020; Ivanova et al., 2023). Over 10-30% of breast
cancer observed to develop brain metastasis (Hosonaga, Saya and Arima, 2020). It is also noted
that brain metastasis is more frequent in patients with HER2+ or triple-negative BC (Hosonaga,
Saya and Arima, 2020; Ivanova et al., 2023). Specific therapies targeting brain metastasis in
breast cancer are yet to be established and are needed to develop an efficient treatment for the

patients (Hosonaga, Saya and Arima, 2020).

1.4.1 Molecular Basis of Breast Cancer
Breast cancer arises from the uncontrolled proliferation of epithelial cells in the mammary
ducts or lobules due to the genetic and epigenetic alterations that disrupt normal cell growth

and division. It comprises different subtypes based on the presence or absence of hormone



receptors (ER-oestrogen and PR-progesterone receptors), the levels of HER2 (human
epidermal growth factor receptor 2), and the presence of proliferation markers like ki-67 which
are Luminal A, Luminal B, HER2- enriched, and triple-negative/basal-like (Barzaman et al.,
2020; Manore et al., 2022; Nolan, Lindeman and Visvader, 2023). Luminal A tumours exhibit
ER and/or PR positivity, which lack HER2 expression with low levels of Ki67. Luminal B
tumours exhibit ER and/ or PR expression, but they can be either positive or negative for HER2
and show high levels of Ki67. HER-2 enriched shows positivity for HER2 and are negative for
both ER and PR. Triple-negative or basal-like tumours lack the expression of all three receptors
(ER, PR, and HER2). These molecular subtypes exhibit variations not only in their gene
expression profiles but also in their clinical behaviour, which includes different patterns of
metastasis. HER2-positive and triple-negative breast cancers exhibit a greater tendency for
brain metastasis compared to luminal subtypes (Kaleem et al., 2022). Breast cancer frequently
exhibits genetic alterations, which results in hyperactivation of the PI3K/AKT/mTOR pathway,
which are the most common genetic alterations in breast cancer, occurring in approximately

30-40% of cases (Miricescu et al., 2020).

TP53 mutations are prevalent in triple-negative and HER2-positive breast cancers, often
resulting in the loss of p53°’s essential roles in maintaining genome stability and regulating cell
cycle progression. Frequent occurrence of PTEN loss, which acts as a suppressor of the
PI3K/AKT/mTOR pathway, is also commonly observed in cases of breast cancer. CDH1 and
GATA3 mutations (ER-positive) are also widely observed in breast cancers. These mutations
impact a transcription factor that plays a role in the differentiation of luminal cells (Miricescu
et al., 2020). BRCAI1 and BRCA2 act as tumour suppressor genes and are essential for
maintaining stability by repairing double-stranded DNA breaks through homologous
recombination (Nolan, Lindeman and Visvader, 2023). Inherited Mutations in these genes

significantly increase the risk of developing ovarian and breast cancers, especially among
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young women (Manore ef al., 2022). BRCAI1 is often linked to triple-negative breast cancer,
whereas BRCA2 mutations are more prevalent in Luminal-type tumours (Damrauer et al.,
2014). Alterations in the microenvironment of the mammary gland, such as extracellular matrix
and fibroblasts, can promote cancer (Wu and Crowe, 2019). The intricate interactions between
cancer cells and different constituents of the tumour microenvironment, such as immune cells,

fibroblasts, and the extracellular matrix, profoundly impact tumour characteristics.

Oestrogen receptor (ER) signalling is crucial in approximately 70% of breast cancers. ER-
positivity is a hallmark of Luminal breast cancers and is a crucial promoter of tumour growth
and progression (Yoshimaru, Aihara, et al., 2017a; Manore et al., 2022). The ER pathway is
vital in these subtypes, as oestradiol binds to Era and stimulates the transcription of genes that
regulate cell proliferation and survival (Nolan, Lindeman and Visvader, 2023). An area of
growing interest in the field of breast cancer biology is the role of BIG3 (Brefeldin A-inhibited
guanine nucleotide exchange protein 3) and its PHB2 (Prohibitin 2) complex interaction in the
regulation of Era activity (Yoshimaru, Aihara, et al., 2017b; Toki et al., 2021a). Recent
research has demonstrated that BIG3 inhibits the nuclear translocation of PHB2, thereby
preventing PHB2 from repressing Era-mediated transcription (Kim et al., 2009; Yoshimaru et
al.,2015). This interaction enhances the proliferative effects of oestrogen in breast cancer cells,
specifically in those with high expression of Era, contributing to tumour growth and

progression (Li et al., 2014; Yoshimaru et al., 2015).

1.5 Metastasis

Metastasis is an intricate, multistep process by which cancer cells spread from the primary
tumour to form secondary tumours at distant sites. Metastatic Cascade initiates with local
invasion, where cancer cells penetrate the basement membrane and invade the adjacent

extracellular matrix, which is aided by the degradation of ECM components by proteolytic
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enzymes such as matrix metalloproteins (MMPs) (Pickup, Mouw and Weaver, 2014a; Fares,
Fares, et al., 2020). This poses a significant challenge in cancer treatment due to its contribution
to the death rate among cancer patients (Krakhmal et al., 2015; Suhail et al., 2019). Tumour
cell colonisation involves cell proliferation, dormancy, cell death, and angiogenesis (Friedl and
Wolf, 2003a). Cancer cells undergo morphological and molecular changes during migration to
interact with the external tissue environment, specifically the extracellular matrices (ECM)
(Chambers, Groom and MacDonald, 2002). During epithelial-mesenchymal transition (EMT),
these changes involve the downregulation of epithelial markers, such as E-cadherin, and the
upregulation of mesenchymal markers, such as vimentin and N-cadherin (Canel et al., 2013;

Craene and Berx, 2013).

E-cadherin is a transmembrane protein which mediates cell-cell adhesion in epithelial tissues.
It is often inhibited during EMT through the action of transcription factors like Snail, Slug, and
Twist, which bind to the promoter of E-cadherin, and its expression is repressed (Craene and
Berx, 2013). The loss of E-cadherin reduces the cell-cell adhesion strength, allowing the cancer
cells to detach from the primary tumour and invade the ECM (Canel ef al., 2013; Craene and
Berx, 2013). As cancer cells migrate, they frequently remodel the ECM by secretion of MMPs,
which degrade ECM components and facilitate pathways for cell invasion (Adams, 2001;
Pickup, Mouw and Weaver, 2014b). The migrating cell’s leading edge attaches to the ECM
through integrin receptors, which transduce signals that enhance actin polymerisation and
facilitate cell mobility (Adams, 2001; Chaffer and Weinberg, 2011). After infiltrating the
nearby stroma, cancer cells can enter the bloodstream or lymphatic system, called intravasation
(Krakhmal ef al., 2015; Suhail et al., 2019). Cancer cells need to withstand the shear stress to
survive in circulation, evade immune detection, and avoid apoptosis, often by acquiring stem
cell-like properties through EMT. CTCs (circulating tumour cells) that overcome these

challenges have the ability to extravasate at distant sites and interact with the surrounding
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microenvironment to form micrometastasis (Chambers, Groom and MacDonald, 2002; Friedl

and Wolf, 2003b; Quail and Joyce, 2013; Suhail et al., 2019).

The metastatic cascade is a complex, multi-step process by which cancer spreads from its
primary site to distant organs. It begins with invasion, where tumour cells breach the
surrounding extracellular matrix and basement membrane. During intravasation, these cells
infiltrate the circulation or lymphatic channels. Once in circulation, cancer cells must endure
the adverse conditions of the circulatory system while escaping immune detection. They then
undergo extravasation, exiting the blood vessels to infiltrate distant tissues. In colonisation, the
cells adapt to the new microenvironment and establish secondary tumours, completing the
metastatic cycle and enabling the growth of new malignancies (Fares, Fares, et al., 2020). For
cancer cells to successfully migrate to other organs, they are required to go through a
mesenchymal-to-epithelial transition (MET), which establishes cell-cell contacts and integrates
into the tissue morphology for the macro metastasis growth (Craene and Berx, 2013). Several
key signalling pathways, including TGF-p, Wnt/B-catenin, Notch, and Hedgehog, regulate

EMT and MET during metastasis (Zhang, Tian and Xing, 2016).

TGF-B induces EMT, transitioning from a tumour suppressor in the initial stages to promoting
metastasis. The Wnt/B-catenin pathway induces EMT by increasing the expression of
mesenchymal genes, while the Notch and Hedgehog signalling promotes cancer stemness, cell
survival and invasiveness during metastasis (Craene and Berx, 2013; Fares, Fares, ef al., 2020).
The increased expression of vimentin in breast cancer is associated with poor prognosis and
heightened metastatic potential (Canel ef al., 2013). The upregulation of vimentin and N-
cadherin and the loss of E-cadherin is a crucial indicator of EMT, showing the transition to a
more invasive state. Snail, Slug, and Twist transcriptional factors are vital in regulating the

EMT by suppressing the E-cadherin and promoting mesenchymal traits, where Snail binds to
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E-box elements in epithelial gene promoters, driving EMT (Serrano-Gomez, Maziveyi and
Alahari, 2016). The plasticity between MET and EMT facilitates the cancer cells to adapt to
different microenvironments (Canel et al., 2013; Craene and Berx, 2013). Perineural invasion,
the infiltration and proliferation of cancer cells along nerves is a significant factor in the spread
of cancer (Chen ef al., 2019). Research suggests that EMT can be significantly influenced by
essential epigenetic modifications like DNA methylation and histone modifications, which are
significant drivers of EMT (Bornman et al., 2001). Transcription factors such as SNAIL,
SLUG, ZEB1, and ZEB2 bind to the CDH1 promoter, which effectively represses E-cadherin

activity (Friedl and Wolf, 2003b; Canel ef al., 2013; Pickup, Mouw and Weaver, 2014b).

1.6 Breast to brain metastasis

Breast cancer is a prevalent form of cancer in women and has a high potential to metastasise to
the brain, with brain metastasis occurring in 10%-30% of breast cancer patients (Simsek et al.,
2022; Ivanova et al., 2023). Triple-negative breast cancer (TNBC) and HER2-positive subtypes
have a significant chance of developing brain metastasis (Das ef al., 2023a). The incidence of
brain metastasis in breast cancer patients is rising, most likely due to improved systemic control
of extracranial disease and increased patient survival, but it remains associated with poor
prognosis and limited treatment options (Maughan, Lutterbie and Ham, 2010; Das et al.,
2023a). The metastatic cascade from breast cancer to the brain consists of several stages,
beginning with the detachment of cancer cells from the primary tumour and their subsequent
migration into the circulation or lymphatic system (Bos et al., 2009; Fares, Kanojia, et al.,
2020). Upon infiltrating the bloodstream, breast cancer cells need to endure the challenging
environment of the bloodstream, evade immune detection, and eventually adhere to the
endothelial cells of distant organs, including the brain (Brastianos et al., 2015; Fares, Kanojia,
et al., 2020). After travelling through circulation, these cells cross the blood-brain barrier

(BBB) by disrupting tight junctions and interacting with astrocytes, pericytes, and endothelial
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cells. Upon entering the brain, they extravasate into neural tissue, inciting neuroinflammatory
responses and enlisting local cells such as astrocytes and microglia. Cancer cells adapt to the
brain microenvironment, inducing neo-angiogenesis for sustained growth and establishing

metastatic colonies (Corti ef al., 2022).

Specific genetic and molecular changes facilitate the earliest stages of metastasis, such as the
increased expression of HER2 and cyclooxygenase-2 (COX-2). These modifications enhance
the cells’ ability to invade, survive and establish at distant sites (Bos et al., 2009). The interplay
between cancer cells and the neural niche consisting of neurons, astrocytes, microglia and other
supportive cells in the brain is vital in the development of brain metastasis (Neman et al.,
2014a; Termini, Neman and Jandial, 2014a). The blood-brain barrier poses a significant
challenge for breast cancer cells that attempt to metastasise to the brain (Arvanitis, Ferraro and
Jain, 2020; Terceiro et al., 2023). The BBB is formed by endothelial cells, tight junction
proteins, pericytes, and astrocyte end-feet, which collectively limit the passage of many
substances, including therapeutic agents, into the brain (van Tellingen et al., 2015; Arvanitis,
Ferraro and Jain, 2020). Various factors impact the ability of the breast cancer cells to cross
the BBB, which include the expression of adhesion molecules like integrins and selectins,
which aid in attachment to brain endothelium, and proteolytic enzymes such as MMPs which
degrade the extracellular matrix and disrupt the tight junction of the BBB (Hamester et al.,

2022; Terceiro et al., 2023).

Furthermore, breast cancer cells can exploit either the transcellular or paracellular pathways to
transmigrate through the BBB. The permeability changes in the barrier facilitate this migration
process (Hamester ef al., 2022; Zhao et al., 2023). Chemokines, cytokines and growth factors
produced by both tumour cells and brain stromal cells substantially impact and activation of

specific signalling pathways such as PI3K/Akt, Src, and STAT3, which promote the survival
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and proliferation of metastatic cells (Brosnan and Anders, 2018). It can exploit neurotrophic
factors, such as brain-derived neurotrophic factor (BDNF), to enhance their growth within the

brain (Termini, Neman and Jandial, 2014b; Wang ef al., 2021a).

The interaction between metastatic breast cancer cells and neurones in the brain can
significantly influence progression. Breast cancer cells may adopt neuronal-like properties to
integrate into the neural niche, including the GABA receptors, which enables them to utilise
neurotransmitters for growth and survival (Neman et al., 2014a). These cancer cells can release
factors that promote neuronal excitability and disrupt neuronal function, leading to seizures
and cognitive decline observed in patients with brain metastasis (Osswald et al., 2015; Dubey

et al.,2023).

1.7 Neurotransmitters

Neurotransmitters are chemical messengers that transmit signals across a chemical synapse,
between a neuron and another neuron or a neuron and a terminal effector such as a muscle cell,
facilitating communication throughout the nervous system (Venkataramani et al., 2019). They
are released from the presynaptic terminal of a neuron when an action potential occurs and
traverse the synaptic cleft to bind to specific receptors on the postsynaptic membrane to initiate
or inhibit response in the receiving cell (Traynelis et al., 2010). They are classified into several
types: amino acids, monoamines, peptides, and acetylcholine. Each of these neurotransmitters
has a distant role in brain function (Sigel and Steinmann, 2012). The amino acid
neurotransmitters include glutamate, gamma-aminobutyric acid (GABA), and glycine, which
are crucial for rapid excitatory and inhibitory synaptic transmission in the brain (Sigel and
Steinmann, 2012; Neman et al., 2014a). Glutamate is the primary neurotransmitter that
stimulates activity in the central nervous system. It plays crucial in synaptic plasticity, learning

and memory by activating ionotropic glutamate receptors, such as NMDA, AMPA, and kainite
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receptors (Venkataramani et al., 2019). GABA is the primary inhibitory neurotransmitter,
crucial for reducing neuronal excitability and maintaining a balance between excitation and

inhibition in the brain (Neman et al., 2014a; Pin and Bettler, 2016a).

Neurotransmitters often exert their effects through G-protein-coupled receptors (GPCRs), such
as mGlu (metabolic glutamate receptors) and GABA B receptors, which regulate neuronal
activity indirectly via intracellular signalling cascade. Acetylcholine impacts ionotropic
nicotinic and metabotropic muscarinic receptors (Pin and Bettler, 2016). The neuronal
transmission of neurotransmitters begins with synthesising and packaging neurotransmitters
into synaptic vesicles within the presynaptic neuron (Venkataramani et al., 2019). Once an
action potential shows up, voltage-gated calcium channels open, causing an influx of calcium
ions into the presynaptic terminal, which triggers the fusion of synaptic vesicles with the
presynaptic membrane and the release of neurotransmitters into the synaptic cleft (Traynelis et
al., 2010). The released neurotransmitters then diffuse across the synaptic cleft and bind to
specific receptors on the postsynaptic membrane, which can be either metabotropic or
ionotropic receptors, leading to either excitatory or inhibitory postsynaptic potentials
depending on the receptor type and neurotransmitter involved (Neman et al., 2014a; Zeng, et
al., 2019). lonotropic receptors, such as NMDA and AMPA, open channels when
neurotransmitter glutamate binds to them. This allows ion flow through the cell membrane,
causing a quick shift in the electric charge of the receiving cell (Venkatesh et al., 2019).
Neurotransmitter receptors are generally composed of multiple subunits, significantly affecting
their synaptic activity. The number of receptor types and synaptic contexts is vast due to the
complex variety of neurotransmitters, receptor subtypes, and the specificity of neuronal

signalling (Sanfilippo et al., 2024).
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Glutamatergic synaptic input has a notable impact on tumour progression. Research indicates
that glioma cells integrate into neural circuits and receive glutamatergic synaptic input, which
can drive tumour growth by activating NMDA receptors and signalling (Venkataramani et al.,
2019; Venkatesh et al., 2019). Glioma cells enable the activation of NMDA receptors by the
release of glutamate from synapses, which are in the proximity of glioma cells, promoting
tumour cell proliferation and invasion. This process of tumour activation by release of
glutamate is also true of metastatic breast cancer (Zeng, et al., 2019). Breast cancer cells that
metastasise to the brain can also exhibit GABAergic characteristics, interacting with neural
niches and potentially utilising neurotransmitter signalling for survival and proliferation in the
brain microenvironment (Neman et al., 2014a). Neuroglins, a group of molecules that adhere
to the postsynaptic region, are implicated in neuronal activity-regulated growth of gliomas
(Venkatesh ef al., 2015; Humsa S. Venkatesh, 2017). The interaction between tumour cells and
neurones can occur through neurotrophic factors, neurotransmitters and other neuroactive
molecules secreted by nerves. This interaction allows the tumour cells to engage with the
receptors of the TME, promoting proliferation, invasion, and metastasis of cancerous cells

(Wang et al., 2021b).

1.7.1 Glutamate and glutamate receptor

Glutamate is the primary excitatory neurotransmitter in the CNS, and it plays a crucial role in
synaptic transmission, plasticity, and neural development (Traynelis et al., 2010). Its eftects
are mediated through the binding to specific glutamate receptors, which are classified into two
main types: ionotropic receptors, like NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid), and kainite receptors, and metabotropic
receptors, referred to as mGlu receptors (Traynelis ef al., 2010; Pin and Bettler, 2016a).
Ionotropic glutamate receptors, specifically NMDA receptors, are ligand-gated ion channels

that allow the influx of Calcium (Ca*?) and sodium (Na*?) ions, enabling depolarisation and

18



synaptic plasticity. Metabotropic glutamate receptors (mGIluRs) are G-protein-coupled
receptors (GPCRs) that regulate neuronal excitability and the transmission of signals between
the synapses via second messenger systems, which in turn affect intracellular signalling

cascades (Pin and Bettler, 2016a).

Glutamate receptors, specifically ionotropic receptors, possess intricate structures that
modulate their function and localisation at synapses. NMDA receptors consist of many
subunits, including GIuN1, GluN2, and GIluN3, which collectively contribute to ion
permeability, voltage dependency, and sensitivity to co-agonists like glycine (Traynelis et al.,
2010). Metabotropic glutamate receptors (mGluRs) are categorised into three classes (I, II and
IIT) according to their sequence homology and signal transduction pathways and regulate
synaptic transmission. Group I mGluRs (mGluR1 and mGluRS5) activate phospholipase C
(PLC) to increase intracellular Ca*? levels, whereas groups II and III (mGluR2-4, mGluR6-8)
suppress adenylate cyclase, decreasing cyclic AMP (cAMP) levels (Figure 1.2) (Pin and
Bettler, 2016a). Post-translational modifications (phosphorylation, ubiquitination, and
palmitoylation) closely regulate glutamate receptor signalling, which impacts receptor
trafficking, localisation, and degradation, eventually influencing synaptic strength (Traynelis
et al., 2010). Glutamate signalling has a significant impact on tumour progression, specifically
in brain tumours like glioma, through mechanisms involving neuroligin-3, a neuron-secreted

protein that promotes glioma growth (Venkatesh ef al., 2015; Humsa S. Venkatesh, 2017).
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Figure 1.2 Classification of glutamate receptors.

This diagram categorizes glutamate receptors into ionotropic receptors (ligand-gated ion
channels) and metabotropic receptors (G-protein-coupled receptors). lonotropic receptors are
further divided into NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid), and kainate receptors, each with associated gene subunits.
Metabotropic receptors are classified into three groups: Class I (mGluR1, mGluRS5), Class II
(mGluR2, mGluR3), and Class III (mGluR4, mGluR6, mGluR7, mGIluRS), representing
distinct signalling pathways. (Eduardo Flores-Soto et al., 2013)

1.7.2 GABA and GABA receptor

Gamma-aminobutyric acid (GABA) is the primary neurotransmitter in the CNS that inhibits
neuronal activity and helps maintain the balance between excitation and inhibition in the brain.
GABA is synthesised in the brain from L-glutamic acid catalysed by L-glutamate
decarboxylase (GAD) (Roberts, 2007). GABA exerts its effects via two primary receptors:
ionotropic GABA receptors (GABA A and GABA_ C) and metabotropic GABA receptors
(GABA _B). GABA_A and GABA C receptors are ion channels that are activated by ligands
and play a role in fast-inhibiting synaptic activity by allowing the influx of chloride ions (CI°)

to enter neurones, which leads to hyperpolarisation and a reduction in neuronal firing (Sigel
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and Steinmann, 2012). GABA B receptors are GPCRs that regulate slower inhibitory signals
through second messenger pathways, inhibiting adenylyl cyclase and activating potassium
channels (Pin and Bettler, 2016a). GABA A receptors exhibit significant diversity in both their
structure and function due to their multiple subunit compositions, which consist of five
subunits: alpha (o), beta (), gamma (y), delta (d), and other subunits. These subunits combine
to create a heteropentameric structure surrounding a central ion channel (Pin and Bettler,
2016a). GABAergic signalling is mediated by GABA A and GABA_B receptors, which play
a role in the TCA (tricarboxylic acid) cycle through the GABA shunt pathway, which is an
alternative metabolic route that bypasses two steps of the TCA cycle to convert glutamate to
succinate by GABA transaminase (ABAT). The GABA shunt route starts with converting
glutamate to GABA by decarboxylation, catalysed by the enzyme glutamate decarboxylase
(GAD) (Jayachandran et al., 2023). This shunt maintains the glutamate and GABA levels in
the cells, affecting energy metabolism, proliferation, stress such as tumour microenvironment
and redox balance in cancer cells (R. Q. Li et al., 2023a). The delta subunit of the GABA_ A
receptor is necessary for certain forms of breast cancer metastasis, as it facilitates tumour
progression by interacting with other signalling pathways such as glutamic pyruvate

transaminase 2 (GPT2)-activated Sonic Hedgehog signalling (N. Li et al., 2023).

The GABA A receptor’s expression in breast cancer cells is linked to metastasis with specific
isoforms activating oncogenic pathways like Akt (Gumireddy et al., 2016a). GABA B
receptors regulate neurotransmitter release and neuronal excitability by inhibiting adenylyl
cyclase, decreasing cAMP levels, and activating potassium channels, leading to neuron
hyperpolarisation. The organisation of GABA B receptor complexes is critical for maintaining
synaptic balance (Pin and Bettler, 2016b). The GABA R is a GABA B receptor involved in
prostate and breast cancer invasion and is overexpressed in breast cancer cell lines (Drell et al.,

2003).
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1.8 Neurotransmitters, Neurotransmitter Receptors and Brain Tumours

Neurotransmitter receptors substantially impact the progression and metastasis of various
cancers, such as breast cancer, to the brain by influencing tumour cell behaviour and their
interaction with the neural microenvironment. Glioma cells can integrate into neural circuits
by forming synaptic-like structures, enabling them to receive excitatory glutamatergic inputs
from neurons (Venkatesh et al., 2019). Tumour cells interact with neurons by receiving and
transferring glutamatergic signals (Radin and Tsirka, 2020). Glioma cells interact actively with
adjacent neurones, particularly glutamatergic signal-transferring (Pei et al., 2020). Glutamate
receptors have been shown to contribute to the tumour development and invasiveness of
gliomas and brain metastasis, where the activation of glutamatergic signalling through AMPA
and NMDA receptors enhances the synaptic input into tumour cells with neuron forms synapses

that results in an electrically coupled system (Venkataramani et al., 2019; Zeng, et al., 2019).

The proximity of tumour cells to the synaptic sites enables the activation of the NMDA
receptor. Further, it promotes tumour growth by enhancing the calcium influx, which in turn
leads to the activation of the oncogenic pathways such as those involving MAPK and PI3K/Akt
(Zeng, et al., 2019). Electron microscopy observation showed synapse formation between
presynaptic neurons and postsynaptic tumour cells in glioma. The excitatory current of a post-
synaptic signal in glioma cells shows similarities to the signals present between two functional
neurons (Venkataramani et al., 2019; Venkatesh ef al., 2019). NMDA and AMPA are essential
for communication between tumour cells, neurones, and breast-to-brain metastasis. Metastatic
breast cancer cells that invade the brain increase these receptors' expression and adapt to the
new environment by expressing glutamate receptors. This promotes tumour growth by

activating oncogenic pathways mediated by calcium signalling, which is necessary for the
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tumour cell's proliferation, migration and invasion (Garcia-Gaytéan et al., 2022; Koda et al.,

2023).

NMDA receptor signalling has been implicated in promoting the metastasis of breast cancer.
Research studies suggest that NMDA receptor antagonists have the potential to inhibit this
process by disrupting the calcium influx and following signalling cascades (Morelli et al.,
2019; Gallo, Vitacolonna and Crepaldi, 2023). These properties in metastatic cells may form
functional synaptic-like connections with neurons, facilitating their integration into the brain
microenvironment and further tumour growth development (Neman et al., 2014a). Specific
subunits of the GABA A receptors, such as the delta subunit, are crucial for breast cancer
metastasis, facilitating cell migration and invasion through signalling pathways involving
GTP2 and Sonic Hedgehog signalling (Cao et al., 2017; N. Li et al., 2023). They initiate
signalling pathways that include the GluN2B subunit of the NMDAR when tumour cells
metastasise to the brain, which enhances their communication capacity with neurons. This
process is linked with an increased expression of neuroligin and other postsynaptic signalling
proteins that enable the non-neuronal cells, like cancer cells, to form pseudo-synapses (Zeng,

Zhang, et al., 2019).

Astrocytes are specialised cells in the brain and CNS which maintain neurotransmitter balance
and provide metabolic support to neurons (Hamester et al., 2022). Presynaptic neurons release
glutamate during synaptic transmission, which is then received by post-synaptic neurons
expressing NMDARSs. Astrocytes in the synaptic cleft prevent glutamate-induced neurotoxicity
and absorb excess glutamate released by neurons (Wilhelm et al., 2013) Breast cancer cells
metastasise to the brain and can displace astrocytes by forming pseudo-tripartite synapses and
allowing them to access glutamate and NMDAR signalling pathways, thereby promoting

proliferation and metastasis in the brain environment (Neman et al., 2014a; Hosonaga, Saya
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and Arima, 2020). Figure 1.3 shows the pseudo-tripartite synapse, where metastatic tumour
cells replace astrocytes, enabling glutamate uptake from the synaptic cleft. This distinctive
synaptic configuration between neurons and. Metastatic breast cancer cells facilitate an
enhanced glutamate supply to the tumour cells (Neman et al., 2014a; Hosonaga, Saya and

Arima, 2020).

These recent discoveries have described the existence of pseudo synapses as a key feature of
brain tumours. However, the mechanisms that enable these tumour cells to express the cellular

structures necessary to form pseudo-synapses are still to be determined.

__ Astrocyte Metastatic Breast
~_ Presynaptic Cancer Cell
Neuron

vGlut

Postsynaptic
Neuron

Figure 1.3 Role of Glutamate Signalling in Synaptic Interactions Between Neurons,
Astrocytes, and Metastatic Breast Cancer Cells.

Brain-metastatic cancer cells replace the astrocytes at the neuronal synapse, enabling NMDAR -
dependent colonisation. The tripartite synapse comprising pre- and postsynaptic neurons and
astrocytes (left) is disrupted by metastasising breast cancer cells, which resemble astrocytes
and form pseudo-tripartite synapse (right) that provide a source of glutamate ligand, which
activates NMDAR signalling and promotes tumour growth in the brain (Zeng, Zhang, et al.,
2019). Created in https://BioRender.com.

1.9 Role of ARFGEF3 in Breast cancer progression and brain metastasis
ARFGEF3, also known as BIG3 (Brefeldin A-inhibited guanine nucleotide-exchange protein
3), is a multifunctional protein implicated in cellular signalling pathways. In primary breast

cancer, ARFGEF3 plays a pivotal role in modulating estrogen signalling by interacting with
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PHB?2 (Prohibitin 2), a protein that regulates transcriptional activity and mitochondrial function
(Toki et al., 2021a). In the presence of BIG3, this protein binds PHB2, effectively sequestering
it and preventing its interaction with estrogen receptors (ERs). This inhibition allows the
estrogen-ER complex to activate downstream signalling pathways, promoting cell proliferation
and survival (Yoshimaru, Ono, ef al., 2017). The structural integrity of this interaction is
influenced by the non-conserved loop region of BIG3, which stabilizes its binding to PHB2,
enhancing its capacity to modulate estrogen signalling (Chigira ef al., 2019a). In the absence
of BIG3, PHB2 interacts with Era disrupting estrogen signalling and thereby reducing
transcriptional activation of genes associated with cell growth and survival. The BIG3-PHB2
interaction represents a critical determinant in the regulation of estrogen signalling in breast
cancer cells. Its presence facilitates oncogenic signalling, while its absence reinstates the

tumour-suppressive effects of PHB2 (Yoshimaru et al., 2013).

Previous studies by Li et al. (2014, 2015) show that BIG3, a protein containing a SEC7 domain,
negatively regulates the biogenesis and secretion of insulin and glucagon granules(Li et al.,
2014, 2015). Notably, BIG3 is predominantly expressed in pancreatic islets and the brain.
Beyond pancreatic islets, the brain is the only organ where BIG3 is abundantly expressed,

emphasising its potential role in neural and metabolic processes (L1 ef al., 2014).

The study by Li et al. (2016) investigated the function of BIG3 in the brain using hippocampal
neurons as a model system. BIG3 is predominantly localised within lysosomes in hippocampal
neurons. Furthermore, the loss of BIG3 selectively impacted inhibitory synaptic transmission,
indicating its specific influence on neuronal signalling (Liu et al., 2016a). Building on these
findings, a recent exome sequencing study by our group identified frequent mutations of
ARFGEF3 (BIG3) in breast-to-brain metastasis (BBM), further underscoring its significance

in breast-to-brain metastasis (Olivares, 2023). These previous studies by Liu et., et al 2016,
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and Zeng et al.,2019 allow to establish a connection between neuronal synaptic regulation and
breast cancer brain metastasis. Formation of Pseudosynapses is critical for tumour survival and
proliferation within the brain microenvironment, as they enable tumour cells to exploit
neuronal signalling for their growth (Venkataramani et al., 2019; Zeng, Zhang, et al., 2019).
While previous studies have documented the presence of neurotransmitter receptors in brain-
metastatic tumours, the underlying mechanisms facilitating their formation remain unclear.
This leads to the hypothesis that these mutations may contribute to brain metastasis by
promoting the formation of structures that facilitate pseudo-synapses. This hypothesis forms
the basis of our investigation, aiming to determine whether ARFGEF3 mutations facilitate
brain metastasis by regulating neurotransmitter receptor components and enabling the

formation of pseudo-synapses.
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2. AIM AND OBJECTIVES
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This study aims to determine the function of ARFGEF3 in breast-to-brain metastasis.
Specifically, does loss of ARFGEF3 contributes to the expression of neurotransmitter receptors

in a breast cancer cell line.

1. To validate the successful knockout expression of ARFGEF3 expression in the knockout
MCEF-7 cells by CRISPR-CAS9, using RT-PCR and Western Blot analysis, where the
knockout model was performed earlier by Ivonne Olivares.

2. Characterisation of the ARFGEF3 function in cellular growth and proliferation under
normoxia conditions by growth curve assay.

3. Examining the PHB2 levels in ARFGEF3 KO and scrambled (control) cells using RT-PCR
and Western Blot.

4. Comparative analysis of ARFGEF3-KO and control cells to determine the role of
ARFGEF3 in controlling the neurotransmitter receptor expression by:

RT-PCR validation of neurotransmitter receptors in scrambled (control) and ARFGEF'3
KO

Validating the expression of neurotransmitter receptors in both control and KO cells
using TagMan qPCR

To quantify the expression of neurotransmitter receptors (GABRGI1, GABRA3,
GABRA4, GRIN2B, GRIN2C, GRIN2D and GABRB3) in ARFGEF3 KO clone and
scrambled (control) using flow cytometry and Western Blot.

Comparing the expression of neurotransmitter receptors (GABRG1) in ARFGEF3 KO

clone and scrambled (control) using the immunostaining technique.
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3. MATERIALS AND
METHODS
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The experiments in this study solely used adherent cell lines MCF-7. MCEF-7 cells were
cultured in DMEM media (Dulbecco’s Modified Eagle’s Medium, Gibco), supplemented with
10% FBS (fetal bovine serum, Gibco), 1% L-Glutamine (Bio-whittaker) and a penicillin-
streptomycin antibiotic combination to prevent the growth of contaminants. Isogenic MCF7
clones edited to knock out ARFGEF3 had previously been isolated in our lab by Ivonne
Olivaries (Olivares, 2023). The Ethics Committee at the University of Wolverhampton has

approved this project - LSEC/2024-25/MM/52.

3.2 Cell Culture

3.2.1 Breast Cancer Cell Lines
Primary breast cancer cell line MCF7 was utilised for tissue culture and experimental studies.
The Research Institute of Healthcare Sciences at the University of Wolverhampton (RIHS) and

Prof. Weiguang Wang's team contributed to all cell lines.

3.2.2 The Parameters for Aseptic Apparatus and Culturing Environment

All cell culture methods were completed in a Bio MAT 2 class Il biological safety cabinet
(CAS, UK). Before each usage, the safety cabinet was cleaned using a 70% ethanol and 1%
Trigene solution supplied from Sigma-Aldrich UK to avoid cell culture contamination. Before
usage, all the chemicals required for tissue culture were first allowed to defrost at room
temperature. The cells are maintained in vented flasks that have a special Nunclon Delta
coating that helps the cells adhere to the surface. The cells were grown at 37°C with 5% CO2

while suspended in the appropriate volume of media in the suitable-sized flask.

3.2.3 Media Preparation for Cell Culture
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The breast cancer cell lines (MDA-MB231, MCF7, T47-D, ZR-75, and BT-549) were
maintained in DMEM (Corning) supplemented with 1% penicillin/streptomycin, 1% L-

glutamine and 10% foetal bovine serum (FBS) (Sigma Aldrich) at 37°C and 5% CO?2.

3.2.4 Reviving Frozen Cells

Cryovials of cells were taken out of the liquid nitrogen and allowed to thaw at 37°C in order to
recover them. To prevent cell damage, cells were resuspended in a 1:10 cell to tissue medium
ratio. The supernatant was carefully removed after 5 minutes of centrifugation of cells at
1200g. The cell pellet was re-suspended in new cell culture media and were transferred to an

appropriate-sized flask and cultured at 37°C with 5% CO2.

3.2.5 Maintenance of Cell Culture

All experiments in this study were carried out on adherent cell lines: MCF7. Cells were
frequently examined for any changes to the cultured medium or the cell population. For in vitro
research and maintenance, cells were consistently passaged at 80—-90% confluence. The cell
monolayer was first washed with Phosphate Buffered Saline 1x (PBS 1x, Corning) after
decanting the media. Trypsin 1x (Lonza, Biowhittaker) was used in an adequate volume to
remove the cells from the tissue culture flask. The flask was lightly tapped to hasten the
separation once the monolayer was separated from it. To check if cells were detached, they
were observed using a Nikon Eclipse Ts100 Inverted Phase Contrast Microscope (Nikon,
Japan). In order to neutralise the trypsin, detached cells were resuspended in a fresh complete
DMEM medium (Corning). After being transferred to a sterile tube, the cell solution was
centrifuged at 1,200 g for 5 minutes. The cell pellet was resuspended in new media after the
supernatant was removed to remove any remaining trypsin traces. The cell suspension was
separated into tissue culture flasks with an adequate volume of media in order to amplify the

cell lines. The media was then changed every 1-2 days or whenever there was a change in the
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colour, a sign that the media pH had dropped. The cells were cultured at 37 C with 5% CO2

until confluency was attained.

3.2.4 Cell Quantification

Thermo Invitrogen Countess I FL. Automated Cell Counter was used to count the cells for any
in vitro experiments. 10ul of cell suspension was added to the chambers of the counting slide
and then the slide is placed in the Countess II FL. The computed and provided live cell density

ranges from 1x10*— 1x107 cells/mL.

3.2.5 Cryopreservation of Cell lines

The cells were trypsinised to separate the cells from the flask. The cell suspension was
centrifuged at 1,200 g for 5 minutes, and the pellet was then re-suspended in 1 mL of freezing
solution, which included 90% (v/v) FBS and 10% (v/v) DMSO. A cryovial (Nalgene
CryowareTM Labware, Denmark) was then used to transfer the solution, and it was kept at -
80°C. Cryovials were kept at -80°C for three days before being moved to a container of liquid

nitrogen, which was kept at -196°C, for long-term storage.

3.3 Expression Analysis of Nucleic Acid

3.3.1 RNA Isolation

The cells that were modified by CRISPR technology were grown in a T75 flask until they
reached 75% to 90% confluent and then were trypsinized to detach them from the flask. After
trypsinising, it was instantly inactivated by adding DMEM media. The cell suspension was
centrifuged for 5 minutes at 1200 g. The supernatant was aspirated, and the cell pellet was
washed with PBS. The supernatant was removed completely by aspiration. 350 pl of Lysis
solution and 3.5 pl of B-mercaptoethanol were added to the cell pellet, which was pipetted up

and down to re-suspend the cell pellet and to directly lyse the cell. RNA extraction was
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performed using Amersham ™ RNAspin Mini RNA Isolation Kit 250 prep. The RNA Mini

Filter was placed in a collection tube and the lysate was added to the RNA Mini Filter and was
centrifuged at 11,000xg for 1min. The RNA Mini Filter was discarded and 350 pl of 70%
molecular grade ethanol was added to it and was mixed by vortexing it twice, each for 5s. There
may be a stringy precipitate evident after the ethanol has been added. This has no impact on
the isolation of RNA, and the lysate was pipetted up and down before being transferred to the
RNAspin Mini Column and centrifuged at 8000xg for 30s. Following centrifugation, transfer
the column to a new collection tube. The RNAspin Mini column was loaded with 350 ul of
desalting buffer, and the membrane was dried by centrifuging it for 1 minute at 11,000xg.
When it was evident that all of the lysates had passed through after centrifugation, the flow
through was discarded and the RNAspin Mini Column was returned to the collecting tube.
Eliminating salt will greatly improve the efficiency of the DNase digestion that follows. The
flowthrough was discarded and centrifuged again for 30 seconds at 11000 g if the column outlet
had come into touch with it for any reason. For every isolation, a sterile microcentrifuge tube
containing 90 pul DNase Reaction Buffer and 10 pl of reconstituted DNase I is used to creating
the DNase | reaction mixture, which is then mixed by flipping the tube. To the silica membrane
of the column, 95 pl of the DNase I reaction mixture was added directly and was incubated for
15 min at room temperature. The RNA mini—Spin Column holding the RNA was washed with
200 pl of wash buffer I which will inactivate DNase and centrifuged for 1 min at 11,000xg.
The column was placed into a new collection tube. 600 pl of wash buffer 11 was added to the
RNA spin Mini column and was centrifuged for 1min at 11,000xg. The flowthrough was
discarded, and the column was placed back into the collection tube. To the RNA spin Mini
Column, 250 pl of wash buffer II was added and centrifuged again at 11,000xg for 2min to dry
the membrane completely. In the instance that, following centrifugation, the liquid level in the

collecting tube reaches the RNA spin Mini Column, the flowthrough was discarded off and
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centrifuged once more. Checked that the column outlet had no residual flowthrough left, it was
re-centrifuged if any remains were found and then the column was placed into a sterile
nuclease-free 1.5mL Microcentrifuge Tube. The RNA was eluted by adding 40 pl of RNase-
free H,O and centrifuged for 1 min at 11,000xg. Eluted RNA was kept at -20°C or -80°C for
short-term or long-term storage, respectively, after being promptly placed on ice to prevent any

degradation.

3.3.2 Quantification of RNA

The isolated concentration of total RNA (pg/mL) was measured with a Thermo Scientific, UK,
Nanodrop 2000 spectrophotometer. 1.5ul of blank control was applied to the read head for
calibration. The RNA concentration, protein contamination, and organic solvent contamination

were noted. The purity was determined using the A260/A280 ratio.

3.3.3 Complementary DNA (cDNA) Synthesis

After RNA quantification, cDNA was synthesised using a High-Capacity cDNA Reverse
Transcription Kit from Thermo Fisher. Prior cDNA synthesis, RNA was standardised by using
a normalisation coefficient determined by the concentration of extracted RNA. The RNA was
normalised for cDNA synthesis using a normalisation coefficient value of 1000. The formula

for calculating the RNA dilution is:

Volume of RNA used for cDNA synthesis = Normalisation coefficient t / Concentration of

RNA

Samples were then diluted with nuclease-free water (Invitrogen, UK) to 1000 ng of total RNA
in a final volume of 10 pl. The cDNA synthesis kit contains: Reverse Transcription (RT)
mixture including 10x Transcription Buffer, 25x ANTP mix (100 mM, 0.2 mL), 10x Random

Primers, MultiScribe reverse transcriptase (0.2 mL at 50 U/ ul), and RNase Inhibitor (2 x 0.1
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mL at 20 U/ pl) is combined with 10 pl of total RNA. A master mix was prepared according to
the number of samples. Each sample was combined with this RT master mix to yield a final
volume of 20 ul. Using a pipette, the components were gently mixed to prevent bubbles. In a
thermal cycler, reverse transcription was carried out at 25°C for 10 minutes, 37°C for 120
minutes, and 85°C for 5 minutes and a hold stage at 4°C. 80 pl of nuclease-free water was
added to the reaction once it was completed. For short-term usage, the cDNA was kept on ice;
for longer-term storage, it was stored at -20°C. Table 3.1 provides a summary of the quantities

and reaction components.

Components Volume/ pl
10x RT Buffer 2.0
25x ANTPS 0.8
10x Random Primers 2.0
MultiScribe Reverse Transcriptase 1.0
RNase Inhibitor 1.0
Nuclease Free Water 3.2

Table 3.1 Components of the '""High-Capacity cDNA Reverse Transcription Kit" with
the required quantities for the RT master mix.

Steps Temperature Time
Denaturation 25°C 10 minutes
Annealing 37C 120 minutes
Elongation 85°C 5 minutes
Storage 4C Hold

Table 3.2 Thermal cycler setting for cDNA synthesis.

3.3.4 Primer Designing for RT PCR

Primers spanning several exons were constructed for RT-PCR expression analysis in order to
ensure that the amplification product was free of contaminating gDNA. The parameters were
altered so that the primer's maximum length was limited to 18-20 base pairs, the GC content

was restricted to under 50% (40-60%), and the melting temperature difference between the
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forward and reverse primers was specified to be less than 1°C is ideal for the optimal primer-
template annealing. The primers for the neurotransmitter receptors and ARGEF3 were created

manually. Each primer's annealing temperature was determined using the following formula:

[(% CG x 0.41) + 64.9 - (600/N)]

where the %CG is obtained by dividing the primer's total C and G content by its length (N) and

OligoCalc (http://biotools.nubic.northwestern.edu/OligoCalc.html) was used for cross-

referencing. The programme was run to produce the optimal primer for the target sequence

once the parameters were established.

The primers were received in a lyophilised state, and Table 3.3 provides the list of the primer
sequences. Thus, before using them, they needed to be dissolved into a solution. The primer
stocks were prepared in Nuclease-free water. The stock was made in accordance with the
datasheet given by the company. The primers were diluted with nuclease-free water to create a

stock solution of 200uM and a working solution of 20uM.
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Gene Primer Sequence
GRIAI Forward CTGGAAGAGACCCAAGTACACC
Reverse CTCGTAACGGTCATTGCCCTC
GRIA2 Forward CGGAAGATTGGCTACTGGAGTG
Reverse GATATCCCGAGGCTCATGAAGG
GRIA3 Forward CTTTCTGCTCCCAGTTCTCGAG
Reverse CCCTAGGATCACAACCTGTTCC
GRIA4 Forward GGGGATACTCGATACTCCAAGC
Reverse GATGGAGTCCTTGTGATGGCTG
GRIK1 Forward GATGACAACTGAAGCGGCTCTG
Reverse GTCCACCATTCTGGAAGAACCC
GRIK2 Forward CCACTCTGGACCTCTTTGCTC
Reverse CTGTGAGGCCTTCCCAATGTG
GRIK3 Forward CGGAGGAATCTTCGAGTATGCG
Reverse GATGAGCCCTGTACTGTCGTC
GRIK4 Forward CTCCTTGAGGATCGCTGCTATC
Reverse GATAGCAGCGATCCTCAAGGAG
GRIKS5 Forward CACGGACACCATGTGTCAGATC
Reverse CTGTCGTCCAACATCCTCACTG
GABBR2 Forward GTTCTCTGAGGTGCGGAATGAC
Reverse CTCCATGGCAGCAAGCAGATTC
GABRALI Forward CTGGAAGAAGCTATGGACAGC
Reverse CTCATGGTGTACAGCAAGGTG
GABRAS Forward TCCCTGCATAATGACCGTGA
Reverse CCGTGGCAAACTCTATCAGC
GABRAG6 Forward GGCTGTGCATTATTCTGTGGCTAG
Reverse CAGACTCAGAATCTCAGTTGGC
GABRB2 Forward GGACTCAGAATCACAACCACAG
Reverse GGTAATCAGGATGGAAGGCATG
GABRB3 Forward CTCAGAATCACCACGACAGCAG
Reverse GGCAACTCTAGCAGCAGATGC
GABRE Forward CTGGCATTGGAGAGAAGCCCAC
Reverse GCATCCGGCATCAATGGTCATC
GABRG2 Forward CCTGATATAGGAGTGAAGCCAACG
Reverse CCTGATATAGGAGTGAAGCCAACG
GABRG3 Forward CGTGACAACGTCTGCAGGTGATTATG
Reverse CGATGTTGTCTTCTTCGTGGTGG
GABRRI1 Forward CGATGTTGTCTTCTTCGTGGTGG
Reverse GTAGTTGCCGTCCAGCATCG
GABRR2 Forward GGACATGGACTTCACTATGACCC
Reverse CAGCCAGTGCTGCTGTAGAAG
GABRR3 Forward CTCTCCTTTCCTAGCACAGC
Reverse CTATTGTACCAACCTGTGC
GABRQ Forward GCATCCGACTCACCACTACAG
Reverse CAATTGTCACCCTGGCTGCAG
GRIN1 Forward CATCTACTCGGACAAGAGCATC
Reverse GTGATGTTCTCCTTCTCGAG
ARFGEF 3 | Forward AGAACAGTCTCAAGTCGCCA
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| | Reverse | GCAGTTTTAGAGACAGGGCG

Table 3.3 List of primer sequences.

3.3.5 Reverse Transcription (RT) PCR

RT-PCR was used to determine the mRNA expression analysis. Section 3.2 provides a prior
description of the extraction and reverse transcription of RNA from samples. The PCR
amplification was carried out using reagents from Thermo Fisher Scientific, which included
10x PCR buffer, Taq polymerase enzyme, and a 25x DNTP mix. The reaction mixture
composition for a single reaction is presented in Table 3.4. The reaction mixture was prepared
based on the number of samples, and a pipette was used to dispense 20.5 ul of the mixture into
labelled PCR tubes. Each PCR tube was filled with 4.5 pl of previously synthesised cDNA.
Before being placed in a thermocycler, the obtained mixture was stored on ice. The
thermocycler was set up based on the primers' melting temperature, and the reaction was
initiated after adjusting the reaction mixture's final volume to 25ul. The reaction mixture is
placed on ice until it is ready to be placed into a thermocycler. The thermocycler was
programmed based on the amplification settings of each primer (Table 3.5). Subsequently, the
PCR tubes containing the reaction mixture are inserted into the thermocycler and initiated. The
amplified product was then run on the agarose gel via electrophoresis at 100 V for 20 minutes

and then the gel was examined under UV light.

Components Volume/ pl
PCR Reaction Buffer 2.5
25x ANTPS 2.5
Forward Primer 1.0
Reverse Primer 1.0
Fastart Taq Polymerase 0.2
Nuclease Free Water 12.3
cDNA sample 4.5

Table 3.4 Outlines the components required to prepare the master mix for RT-PCR.
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Steps Temperature Time
Initial denaturation (hold) 94°C 5 minutes
Denaturation 95°C 30 seconds
Annealing 50-65°C 40 seconds
Elongation 72°C 40 seconds
Final elongation (hold) 72°C 5 minutes
Storage 4°C Infinite

Table 3.5 PCR amplification setting on a thermocycler.

3.3.6 Quantitative Real-Time PCR

The measurement of gene-specific mMRNA expression was determined by qRT-PCR with FAM
reporter and TagMan Gene Expression Assays (Thermo Scientific, UK); Table 3.6 shows the
specific probe-sets used. As previously mentioned in section 3.2, RNA was isolated from the
samples and reverse transcribed. a master mix is prepared according to the ratio shown in Table
3.7. In every experiment, 5.5 pl of a 2x real-time qRT-PCR master mix (Applied Biosystems)
was added with 2 pl of NFW and 0.5 pl of the TagMan probe with FAM on the 5° end and non-
fluorescent quencher (NFQ) on 3’end. This resulted in a final volume of 8 pl for every reaction.
This reaction is set up by adding 8 ul prepared reaction mixture to a single well of a MicroAMP
® fast optical 96-well reaction plate (Applied Biosystems, UK) with 2 ul of cDNA sample. As
a component of the experimental controls, a negative control sample comprising 2ul of
nuclease-free water was added in the place of the cDNA sample to the well with reaction to
confirm the scientific validity of the PCR amplification and they were sealed with optical
adhesive film. Once any air bubbles were eliminated from the plate, it was centrifuged, and the
sealed plates were placed in the QuanStudio6 qRT-PCR System (Applied Biosystems, UK).
The RT-PCR technique was executed in compliance with pre-established guidelines. For two
minutes, there was an initial incubation (hold) stage at 50°C. After that, a hold (polymerase
activation step) was carried out for two more minutes at 50°C. The 40 cycles that made up the

PCR cycling phase that followed each included denaturation for 1 second at 95°C and
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annealing/extension for 20 seconds at 60°C. The AACT method was chosen as the data analysis

methodology to provide a quantified comparison of data (Rao et al., 2013).

Gene Expression Assay Assay ID Lot
GABRA3 Hs00968130 ml1 | 4331182
GABRA4 Hs00608034 ml | 4331182
GABBRI1 Hs00559488 ml | 4331182
GABRGI1 Hs00921822 ml | 4448892

GRINI Hs00609557 ml | 4453320
GRIA?2 Hs00181331 ml | 4453320
ARFGEF3 Hs00415641 ml | 4331182
GAPDH Hs02786624 ml | 4331182
B ACTIN Hs01060665 G1 | 4331182

Table 3.6 TagMan Gene Expression Assays Used for Quantitative Real-Time PCR.

Components Volume per reaction (10 pl)
TagMan Gene Expression Assay 0.5 pl
TagMan Gene Expression PCR master Mix (2X) 5.5ul
Nuclease Free Water 2.0 ul
cDNA 2.0 ul
Total 10 pl

Table 3.7 Components required of qRT-PCR for master-mix preparation.

3.4 Growth Curve Analysis

Initially, cells were collected from T75 flasks when they reached 80% confluency and were
quantified using Thermo Invitrogen Countess II FL. Automated Cell Counter. Subsequently,
200,000 cells were plated into T25 flasks and were maintained for a week. The cells were
counted at the end of the week. This process was reiterated over the course of 7 weeks. The
cumulative population doubling level at each sub-cultivation was determined by calculating

the cell count using the given equation.

Nu/Nj = 2%
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Or [10g10 (NH) - 10g10 (NI)]/ 10g10(2)= X

Where N1 = inoculum number, N = cell harvest number, and X = population doubling.

The calculated increase in the population doubling was subsequently combined with the
previous population doubling level (PDL), to yield the cumulative population doubling level

(Cristofalo et al., 1998).

3.5 Western Blot

Various samples of the MCF7 cell line were utilised to extract and quantify total protein for

Western Blot analysis. Cellular protein was extracted from each sample using RIPA buffer.

3.5.1 RIPA Buffer Preparation

Thermo Fisher’s RIPA buffer contains 25 mM Tris-HCI (pH 7.6), 150mM NaCl, 1% NP-40,
1% sodium deoxycholate, and 0.1% SDS. To the RIPA buffer a protease inhibitor cocktail tablet
(cOmplete, Roche Diagnostics.) and a phosphatase inhibitor cocktail tablet (PhosSTOP EASY
pack, Roche.) are added to it. Both inhibitors are provided in tablet form and are dissolved in
deionized water. The phosphatase inhibitor pill is dissolved in 1 mL of deionized water and
split into two equal quantities of 500 pl each, which are thereafter labelled and stored at -20°C.
The protease inhibitor pill is dissolved in 2 mL of deionized water and then aliquoted into ten
equal portions, each labelled and stored at -20°C. To prepare RIPA buffer, combine 500 ul of
phosphatase inhibitor and 200 ul of protease inhibitor with 5 mL of Pierce RIPA Buffer from

Thermo Scientific. The prepared solution is labelled and stored at -20°C for future use.

3.5.2 Protein extraction
The CRISPR-modified cells were cultured in a T75 flask until they achieved 75 to 90%

confluency. When the cells reached the desired confluency, they were removed from the flask
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using trypsin. Trypsin activity was stopped immediately by adding DMEM media right after
trypsinization. The cell suspension was centrifuged at 1200 g for 5 minutes. Following
centrifugation, the supernatant was removed, and the cell pellet was washed with PBS. The
cleaned cell pellet was combined with 70 pl-100 pl of RIPA buffer (based on the pellet size)
using a pipette. The mixture was sonicated in an ultrasonic machine for 60 seconds using a
50% pulse. The suspension was centrifuged at 14,000 g at 4°C for 10 minutes after sonication.
The supernatant containing the desired protein was collected and transferred to an entirely fresh
Eppendorf tube that was labelled accordingly. The extracted protein was stored at -20°C for

further analysis or research.

3.5.3 Protein Quantification

Protein quantification is a process used to measure the amount of protein extracted from cells.
The Bio-Rad Protein Assay kit (Protein estimation kit: DC protein assay reagent A, DC protein
assay reagent B, DC protein assay reagent S; BIO-RAD, Hertfordshire, UK) is used to perform
this experiment. The Bio-Rad DC Protein Assay is a colourimetric test used for determining
protein concentration after detergent solubilisation. The test is similar to the well-known Lowry
assay but with some enhancements. The colour development reaches 90% of its peak within
15 minutes. The reaction produces a characteristic blue colour, with the highest absorbance at
750 nm and the lowest absorbance at 405 nm. The kit consists of three reagents, namely,
reagent A, reagent S, and reagent B. To quantify proteins using the Bio-Rad Protein Assay kit,
a preparation of Reagent A and Reagent S in a 50:1 proportion is required to create a master
mix for three replicates of each sample, as shown in Table 3.8. The master mix is then added
to a 96-well plate by aliquoting 25 ul into each well. After that, 2.5 ul of the protein sample is
added to each well, followed by 200 ul of Reagent B. The plate is then incubated to allow the
colourimetric reaction to occur. Once the reaction is finished, the absorbance or fluorescence

of each well is measured at 650nm by a Multiskan plate reader, and the protein concentration
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is calculated by comparing these readings to a standard curve. This protein quantification
method delivers accurate protein concentration measurements, which is critical for various

biochemical and molecular analyses.

Reagents Volume (pl)
Reagent A 200
Reagent S 4

Table 3.8 (A+S) master mix preparation for protein Quantification.

Reagents Volume (pl)
A+S Master Mix 25
Sample 2.5
Reagent C 200

Table 3.9 Master mix preparation for protein Quantification.

3.5.4 Gel Preparation

In Western blotting, the gel matrix used for protein separation comprises two main
components: the stacking gel and the resolving gel. The function of the stacking gel is to
concentrate and align the protein samples as they enter the resolving gel. This ensures that they
all enter the separating portion of the gel at approximately the same time, which is crucial for
obtaining sharp and well-defined protein bands during electrophoresis. The stacking gel
typically has the same acrylamide concentration as the resolving gel and a buffering system to
maintain the appropriate pH for protein migration. On the other hand, the resolving gel is
responsible for separating the proteins based on their molecular weights. The composition of
the resolving gel is optimised based on the expected molecular weight range of the proteins
being analysed. For proteins with higher molecular weights, a lower percentage gel (e.g., 6%
or 8%) is used, allowing better separation of larger proteins. Conversely, a higher percentage
gel (e.g., 10% or 12%) is employed for proteins with lower molecular weights to achieve better
resolution of smaller proteins. The resolving gel also contains a suitable buffering system to

maintain the pH and ionic strength necessary for efficient protein separation.
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10% (APS) Ammonium per sulphate (Sigma Aldrich Company Ltd., Dorset, UK) was prepared

by dissolving 0.1g of APS in 1 mL of distilled water.

Reagents Volume (pl)
Stacking Buffer 4.2mL
40% Acrylamide 1.6mL
Distilled Water 6.2mL
APS 250ul
TEMED 20ul

Table 3.10 Composition of stacking gel.

Reagents Volume (ul) 6% | Volume (pl) 10%
Separating Buffer 5.5mL 5.5mL
40% Acrylamide 3.2mL 4.4mL
Distilled Water 7.2mL 6.5mL
APS 120ul 120pul
TEMED 20ul 20ul

Table 3.11 Composition of Resolving Gel or Separating Gel.

The BioRad glass plates were cleaned and firmly fastened, showing no evidence of leaking.
The next step was to add the separating gel solution between the set plates once it had been
made. 120ul to 200ul of isopropanol was added to the top of the separating gel solution to
prevent the formation of bubbles. The stacking gel was prepared, ensuring the thorough
removal of isopropanol before its addition. The separating gel was allowed to solidify before
the stacking gel was added on top of the gel and the comb was quickly inserted to form wells

for loading the samples. For 15 minutes the gel was set aside.

3.5.5 Sample Preparation and Gel Electrophoresis
After protein quantification, the concentration was calculated using this formula: (mean of
absorbance value —0.1662)/0.1065%2. The protein samples were prepared with 4x loading

buffer, 0.5mm DTT solution, and distilled water. f-mercaptoethanol is added for GABRGI,
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GABRB3, and GABRA4 samples. The samples were heated at 95°C by using a block heater
for 10 minutes and then can be stored on ice until use. The SDS-PAGE gel was inserted into
the electrophoresis tanks using the cassette and soaked in 1x running buffer (0.025M Tris,
0.129M Glycine, 0.1% SDS) (diluted from 10x Tris/Glycine/SDS), Gene flow. Before
loading samples, the comb was taken out, and the wells were cleaned with a syringe to remove
any remaining gel particles. The following loading sequence was used throughout the
experiments: ladder (5 pl/10 pl), negative control, ARGEF3-knockout clones, and scrambled
clone (control). The tank was filled with 1x running buffer according to the number of gels to
the required level. The electrophoresis was run at 200V and 400mA for 60 minutes until the

clear differentiation of the ladder relative to the size of the band of the primary antibody.

Reagents Volume (pl)
Sample Concentration (30ug) 5
4x loading buffer 4
DTT 1
[-mercaptoethanol 3
Distilled Water 3
Total 16

Table 3.12 Reagents required for Protein sample preparation.

3.5.6 Blotting
After electrophoresis, the gel was transferred using a semi-dry method and wet transfer based

on the size of the target protein.

SEMI-DRY:

To perform the semi-dry transfer, 4 extra thick filter papers (20x20) by Thermo Scientific, USA
were used to cut. These papers were cut evenly into 10 x 5 cm sizes. PVDF membrane from
GE Healthcare Life Sciences, Buckinghamshire, UK, which was cut into 4 x 8 cm size. The 4

filter papers were soaked in the 1x transfer buffer made from 5x Power Blotter Transfer Buffer,
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Thermo Fisher, USA. Then the 2 filter papers were placed on the Power Blotter, Thermo Fisher
Scientific. For activation of the PVDF membrane, it was immersed in 100 % methanol for 30
seconds, followed by washing with distilled water and then with transfer buffer. After that, it
was placed on blotting papers, by adding a little transfer buffer on top of the membrane. The
SDS-PAGE gel was placed on the top of the PVDF 74 membrane, and it was evenly rolled to
avoid air bubbles. The two filter papers were placed, and the remaining transfer buffer was

poured on top of it. It was set for transfer at 25 Volts and 155mA for 20 mins.

WET-TRANSFER:

For the wet transfer method, 6 filter papers were cut into 8 x 11 cm each, and a 4 x § cm PVDF
membrane was used. The proteins that were earlier separated using SDS-PAGE were
transferred onto a polyvinylidene difluoride (PVDF) membrane using 1x Tris-Glycine Transfer
Buffer (0.025M Tris, 0.129M Glycine, 20% Methanol). The PVDF membrane was then dipped
in 100% methanol for 30 seconds, followed by washing with distilled water and transfer buffer.
After the completion of gel electrophoresis, the stacking gel was removed, and the PVDF
membrane was placed on top of the resolved SDS-PAGE gel. In the BioRad Transfer kit, a
polyacrylamide gel and the PVDF membrane were placed between 6 thick extra-filter papers
and 2 sponge pads, all soaked in transfer buffer. The transfer was performed at 35 V and 200

mA for 90 min.

3.5.7 Blocking

The membrane was blocked in a blocking solution following the transfer from the gel to the
PVDF membrane to avoid non-specific binding. The blocking solution contains 5% skimmed
milk powder in TBST and was left to incubate for an hour at 4°C on a rocker. Skimmed milk

powder, which lacks lipid content, was used to ensure no interference with antibody binding.
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After incubation, the blocking solution was removed, and the membrane was briefly washed

with TBS-T (0.05% Tween 20 in TBS).

3.5.7 Antibody Staining

The membrane was next incubated with the primary antibody overnight at 4°C on a rocker.
The concentration of the primary antibody was appropriately diluted in TBS-T, as specified in
the Table below. After the overnight incubation, the membrane was washed with a washing
solution (0.05% Tween 20 in TBS) for 30 minutes, with the washing solution being replaced
every 15 minutes. Subsequently, the membrane was treated with the suitable HRP-conjugated
secondary antibody in TBST for a minimum of 2 hours at room temperature. Following this,

the membrane underwent another round of washing using TBS-T for 30 minutes.

Antibody (1:1000 pl) Company

BIG3/ARFGEF3 Novous, NBP1-9075

PHB2 (E1Z5A) Cell Signalling-14085S
GABRGI Thermo Fisher - PA5-119791
GABRA3 Thermo Fisher — PA5-40998
GABRA4 Thermo Fisher - PA5-97765
GABRB3 Thermo Fisher- AB98968
GRIN2C Thermo Fisher- NB300-107
GRIN2D Thermo Fisher-PA5-101608

Anti-Rabbit IgG, peroxidase-linked species- Thermo Fisher- 10794347
specific whole antibody (from donkey)

Secondary Antibody, Cytvia.
Monoclonal Anti-B-Actin antibody produced in | Sigma Aldrich-A228-100UL
mouse.

Monoclonal Anti-a-Tubulin antibody produced | Sigma Aldrich-T5168-100UL
in mouse.

Table 3.13 List of Antibodies used for Western blot.

3.5.8 Image development
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The detection process used an “EZ-Chemiluminescence Detection Kit for HRP” from
GeneFlow, UK. To prepare the EZ-ECL solution, 1.5mL of reagent A was combined with
1.5mL of reagent B. The membrane was placed on cling film, and the solution was gently
applied drop by drop to ensure it was completely soaked. It was then left at room temperature
for 2-3minutes. After that, the excess solution was removed using tissue paper, and the
membrane was wrapped in cling film before it was exposed to CL -Xposure film 5x7 inches,
in a dark room. The exposure time varied, once the exposure was complete, the film was
developed by immersing it in “Developer Solution” from Science Laboratory Supplies, UK.
Any extra developer solution was rinsed off with water, and then it was fixed in “Fixer
Solution” from Science Laboratory Supplies, UK. Lastly, the film was washed with water and

allowed to dry. The ladder markings were made to the film after it was dried.

3.6 Flow Cytometry

Protein expression levels may be measured precisely and quantitatively using flow cytometry.
Immunochemistry is used to stain the protein with a fluorescent marker in order to do this. It
takes 3 days to complete the process, which involves culturing cells, fixing, and labelling.
Day 1:

The initial step involved harvesting cells from a T75 flask that had reached 80% confluence.
The cells were then counted using a cell counting slide on a Thermo Invitrogen Countess II FL
Automated Cell Counter. The count was adjusted based on the desired number of samples (each
sample has a duplicate), and 1000,000 cells were plated in each well of 6-well plates. The cells
were then incubated overnight at 37°C with 5% CO2 and 20% oxygen.

Day 2:

The next day, the cells were harvested and transferred to a 10 mL tube using a pipette. The
suspension was then subjected to centrifugation and washed with 2 mL of PBS. After the

centrifugation step, the PBS was removed, and the cells were resuspended in 200ul of PBS
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using a pipette and vortexed. The cells were then fixed by slowly adding 2mL of ice-cold
methanol while vertexing, followed by incubation at room temperature for 15 minutes. Post-
fixation, the cells were washed with PBS twice to remove any residual solvent. The cells were
then blocked using 200ul of a 3% blocking solution and incubated at room temperature for 1
hour to prevent nonspecific binding of the primary antibody. Afterwards, the cells were washed
with PBS and resuspended in a mixture of prepared primary antibody (1:1000 pl) and blocking
solution, adjusted according to the concentration specified in the provided table. Preparation of
the primary antibody involved adding 2 pL. of primary antibody to 1000 pl of blocking solution.
The cells were then incubated overnight in a cold room.

Day 3:

After completing the incubation period, the cells were washed twice with PBS to remove any
excess primary antibody. Next, the cells were suspended in a solution containing the secondary
antibody (FITC Anti-Rabbit IgG SigmaF0382) (1:5000 pl) and incubated at room temperature
for 2 hours on a rocker. After that, the cells were washed twice with PBS to remove any
remaining secondary antibody. Finally, the cells were suspended in 200 ul of PBS and
transferred into a FACS tube for analysis. The detection of the resulting fluorescence reflects

the level of receptor expression.

Antibody (1:500 pl) Company Catalogue Number
PHB2 (E1Z5A) Cell Signalling 140858
GABRG1 Thermo Fisher PAS5-119791
GABRA3 Thermo Fisher PA5-40998
GABRA4 Thermo Fisher - PAS5-97765
GABRB3 Thermo Fisher AB98968
GRIN2B Proteintech 2190-1-AP
GRIN2C Thermo Fisher NB300-107
GRIN2D Thermo Fisher PA5-101608
Donkey anti-Rabbit IgG (H+L) Highly Cross- | Thermo Fisher A-21206
Adsorbed Secondary Antibody, Alexa
Fluor™ 488
Secondary Antibody (FITC Anti-Rabbit IgG) Merck F9887-1ML

49



Table 3.14 List of Antibodies Used for Flowcytometry.

3.7 Immunostaining

Immunostaining is a technique used to visually assess the expression levels of a specific protein
of interest. The procedure takes three days and involves cell culturing, fixation, and staining
on a slide. The visualisation is done using an Evos FL Cell Imaging System and Confocal
Microscope. The experiment utilised the Image-iT™ Fixation/Permeabilization Kit from
Thermo-Fisher Scientific Inc, UK.

Day 1:

On the first day of the experiment, cells were harvested from a T75 flask once they reached
80% confluence. The cells were then quantified using a Thermo Invitrogen Countess II FL
Automated Cell Counter. The count was adjusted accordingly for the desired number of
samples by plating 200,000 cells in each well in a 6-well plate. 22/26 mm, 1,5 coverslips were
sterilised in 75% ethanol and allowed to air-dry. These coverslips were then transferred into
each well of the 6-well plate, and 200,000 cells were meticulously seeded in each well with 3
mL of media. The cells were then incubated overnight at 37°C with 5% CO2 and 20% oxygen.
Day 2:

The cells were fixed and stained using a series of procedures. First, the media was removed
using a glass Pasteur pipette and the coverslip containing cells was transferred to a fresh six-
well plate containing 1 mL of wash buffer. After washing the cells, the wash buffer was
removed, and 200 pL of fixative solution was added to the well. The cells were then incubated
for 15 minutes at room temperature. Next, the coverslip was subjected to three washes with
wash buffer for 5 minutes each. After washing, 250 uL. of permeabilization solution was added
and incubated for 15 minutes at room temperature. The cells were washed three times with

wash buffer to remove any residual permeabilization solution. Following this, 200 pL of
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blocking solution was applied to the coverslip and incubated for 60 minutes at room
temperature. Primary antibody labelling was conducted post-blocking, with the primary
antibody diluted in the blocking solution at a ratio of 1:500. The antibody staining solution was
then transferred into the six-well plates and incubated overnight in a cold room at 4°C.

Day 3:

After primary antibody staining, the cells underwent three washes with wash buffer for five
minutes each. The secondary antibody (FITC Anti-Rabbit IgG SigmaF0382) was diluted in the
blocking solution at a ratio of 1:500. Once added to the six-well plates, the solution was
incubated for 120 minutes at room temperature while being covered in foil to prevent light
exposure, as the secondary stain is light-sensitive. Finally, the slides were washed three times
with a wash buffer for five minutes each. Actin staining (ActinRed™) was performed as post-
secondary staining. According to the manufacturer's instructions, the stain was prepared by
aliquoting one drop of Actin Red in 1 mL blocking buffer. The cells were incubated with 1 mL
of Actin Red and incubated for 30 minutes before undergoing three washes with wash bufter.
DAPI (ProLong™ Diamond Antifade Mountant with DAPI) was used for nucleus staining.
One drop of DAPI stain was added to a slide, and the coverslip with cells was carefully placed

onto the slide. The images were captured using a Confocal Microscope.

Antibody Company Catalogue Number

GABRG1 Thermo Fisher PAS5-119791
Donkey anti-Rabbit IgG (H+L) Highly Cross- | Thermo Fisher A-21206

Adsorbed Secondary Antibody, Alexa
Fluor™ 488
Secondary Antibody (FITC Anti-Rabbit IgG) Merck F9887-1ML
ProLong™ Diamond Antifade Mountant with Thermo Fisher P36962
DAPI

Table 3.15 List of Antibodies Used for Immunostaining.
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3.8 Statistical Analysis

All data analyses were conducted using Microsoft Excel 360 and GraphPad Prism 9 software
programs. A significance threshold of p=0.05 was applied to determine statistical significance.
The data was deemed significant if the p-value was less than 0.05. If the p-value was greater
than 0.05, then the data was labelled as non-significant (ns). Student's t-test was used to
compare two samples, whereas one-way analysis of variance (one-way ANOVA) was utilised

when analysing two or more samples.
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4. RESULTS
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ARFGEF3 interacts with and hinders PHB2 (prohibitin 2) to control tumour growth (Chigira
et al., 2019b). This interaction is essential for regulating the activation of oestrogen signalling
in breast cancer cells. The expression of ARFGEF 3 is significantly upregulated in most
oestrogen receptor alpha positive primary breast cancer cases and the regulation is crucial for
the growth and survival of primary breast cancer cells with oestrogen receptor alpha (Toki et
al., 2021b). ARFGEF3 is highly expressed in pancreatic islets; it is a negative regulator of
insulin granule formation in pancreatic beta-cells (Li ef al., 2014). Moreover, ARFGEF3 has a
significant role in regulating the expression of GABA activity and lysosomal function in
hippocampus neurons (Liu et al., 2016a). Recent research shows that cancer cells are capable
of establishing connections with neurons by expressing neurotransmitter receptors These
interactions emphasise the intricate connection between cancer cells and neurons, emphasising
the significance of the tumour microenvironment in the development of metastases
(Venkataramani et al., 2019; Zeng et al., 2019). The interaction between neurons and metastatic
cancers is an intricate process that includes important receptors like the N-methyl-D-aspartate
(NMDA) receptor and the gamma-aminobutyric acid (GABA) receptor (Venkataramani et al.,
2019; Zeng, et al., 2019). This research aimed to study the involvement of ARFGEF3
Mutations, (a potential driver in breast-to-brain metastasis) and its regulation of
neurotransmitter receptors using the CRISPR-Cas9 MCF-7 knockout model. In Dr. Mark
Morris’s research group, previous researcher Dr Ivonne Olivares sequenced the protein-coding
regions from genomes of metastatic breast cancers from patients to find molecular changes that
drive breast-to-brain metastasis were identified. The project commenced with the Whole
Exome Sequencing of 26 patient-derived samples of breast cancer that had metastasized to the
brain conducted by Dr. Olivares, identifying distinct genomic alterations that are rarely
observed in the general population or primary breast cancer patients. These alterations are

believed to occur as late-stage genetic events necessary for tumor adaptation and brain
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colonization. Notably, mutations in the BIG3 gene were detected in breast-to-brain metastatic
tumors after WES. These mutations are hypothesized to facilitate tumor-neuronal network
integration by upregulating neurotransmitter receptor subunits— a mechanism previously
reported in both primary and metastatic brain tumors to enhance adaptation to the tumor
microenvironment, thereby promoting tumor growth and colonization to the brain (Olivares,
2023). Our current research has focused on one of these: ARFGEF3, which is mutated in 27%
of breast-to-brain metastasis. The project commenced with the analysis of 26 patient-derived
samples of breast cancer that had metastasised to the brain. To focus specifically on mutations
related to metastasis and those that are likely to result in protein damage, Dr. Olivares utilised
multiple filtering stages. At first, the WES data eliminated intronic variations that were
synonymous, non-coding RNA variants, and variants in the promoter region. Prevalent
polymorphisms were excluded by applying a filter based on the minor allele frequency (MAF)
score. Only variants with an MAF score below 1% were kept for further study. Later, Dr.
Olivares identified frequently mutated genes in the BBM samples, notably those with five or
more mutant variations among at least five individuals and had mutation frequencies in primary
breast cancer below 1%, according to the cosmic database. This suggests an evolutionary

selection of these mutations in the metastases (Olivares, 2023).

Additional optimisation of missense mutations was conducted using the SIFT and PolyPhen-2
tools. Among the 846 missense variants, 454 were shown to have a detrimental effect on the
protein. ARFGEF3 was mutated in 7/26 individual brain metastatic tumours, whereas it is
mutated in less than 1% of primary breast tumours (COSMIC) tumours.. In 2020, as part of my
master’s international exchange program (IREX), I collaborated with Dr. Olivares on this

project work involving the sequencing of ARFGEF3 (Olivares, 2023).

4.1 Confirmation of ARFGEF3 gene mutation using WES data
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Exome sequencing identified ARFGEF3 mutations in 7/26 individual breast-to-brain
metastasis (BBM) tumours Chain termination sequencing was utilised to validate the exon
sequencing data of the ARFGEF3 gene. As predicted by exome sequencing the findings
revealed mutations in 7 exons (figure 4.1). Table 4.1 shows data for all 7 ARFGEF3 mutations
and the specific exon locations for each tumour. The sequencing analysis confirmed the

substitution mutations in exons 19, 28 and 29 of the ARFGEF3 gene (Olivares, 2023).

Exon 19; sample ID: 12438 Exon 28; sample ID: 12138
(A) Mutant BBM (B) Wild type BBM (A) Mutant BBM (B) Wild type BBM
AG TGTT G A AG TGTGA
l €CCGMBCT T G CCGTTTG
Mm{\ i n’\ M | ﬂﬂ 1 ““(\
l
¢. G3339T; p. C1058F ¢. T4695C; p. V1510A

EXON 29, Sample ID 13146 EXON 29, Sample ID 725

(A) BBM (B) Wt
C CAG AGT

¢.4745 G>C; p. R1582T c.4745 G; p. R1582

C CAGCAGT

Figure 4.1 Sanger sequencing of ARFGEF3 mutation in BBM tumour.

Sequencing was conducted to identify the mutations specific to brain metastasis in ARFGEF3.
A) The sequencing analysis of tissue samples from breast-to-brain metastasis has confirmed
the substitution mutation on exons 19, 28, and 29 of the BIG3 gene sequence. B) The identified
mutation sites in BIG3 were validated, along with the details of mutations, amino acid
sequences and nucleotide sequences (Olivares, 2023). Below provided are the validated
mutated sites found on various exons of ARFGEF33, along with corresponding sample
numbers and the specific type of mutations. Three mutations were identified in 26 patient-
derived samples at specific locations, and other potential mutation sites in the ARFGEF3 gene
were additionally examined.
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Sample ID | Exon | Mutation in amino acid | Mutation in nucleotide | Mutation type
sequence sequence
12438 19 C1058F G3339T Substitution
12138 28 VI510A T4695C Substitution
13146 29 R1582T G4745C Substitution
2613 21 V1203G T3774G Substitution
712 24 Al1329V C4152T Substitution
119 30 VI510A T4695C Substitution
756 34 V2162L C6484G Substitution

Table 4.1 Mutated Sites in ARFGEF33 Gene in Patient-Derived Samples.

4.2 Confirmation of ARFGEF3 gene knockout in MCF-7 cells by PCR and
Western Blot Analysis

The functions of ARFGEF3 were investigated using CRISPR-Cas9 gene editing. Specifically,
the CRISPR knockout (KO) was performed to mimic the ARFGEF3 mutation commonly
observed in breast cancer cells. This CRISPR-Cas9 transfection of ARFGEF3 in the MCF-7
cell line was performed by Dr. Olivaries. MCF-7 cells were transfected with CRISPR plasmid
containing either guide RNA targeting ARGEF3 or a scrambled (SCR) control sequence. After
the transfection, the cells were then cultured under puromycin selection, and 47 KO clones
were picked and transferred to the well plates. Each clone was given a number for identification
purposes. The scrambled (SCR) serves as the control and is similar to the wild-type MCF-7
cells, having undergone the same transfection procedure as the experimental group. RNA was
isolated from the clones, and cDNA was synthesised from KO and SCR clones to perform RT-
PCR. The RT-PCR results have confirmed the successful gene editing as clone number 28 and
clone 47 showed no expression of ARFGEF3 at the transcript level, indicating a complete
knockout, known as ARFGEF3 KO. I was involved in this work as part of the master’s
international exchange program (IREX) (Olivares, 2023). At the beginning of my MPhil study,
I chose to continue this work. To ensure the validity of the project, I first revived all the stored

cell lines and confirmed that these were the appropriate knockouts before proceeding further.

57



I have now confirmed these clones, and I continued the work from this point forward, as shown
in Figure 4.2. SCR clone 3, referred to as the control in this thesis, showed expression of
ARFGEF3 at the transcript level. The ARFGEF3 KO (clone 28) was further confirmed through
Western Blot analysis. ARFGEF3 expression in the control clone was observed as 240kDa
band, whereas the knockout clone exhibited no expression of the ARFGEF3 protein,

confirming the successful knockout of the gene.

(A) (B)
ARFGEF3 KO Control ARFGEF3 KO Control

ARFGEF3 - —
B-ACTIN Vinculin - i W—

ARFGEF3 -

Figure 4.2 Confirmation of ARFGEF3 expression in following CRISPR-knockout at the
RNA and protein level.

A) The RT-PCR analysis confirms the complete loss of ARFGEF3 expression in the ARFGEF3
KO clone compared to the control (SCR). The loading control used for this experiment was
Beta-Actin. B) Knockout confirmation was performed using western blot analysis, which
validated the loss of ARFGEF3 expression in the ARFGEF3 KO clone compared to the control
(SCR). Vinculin was used as a loading control in the western blot analysis.

4.3 Growth Curve Analysis of ARFGEF3 KO and SCR

Despite transfection, the morphology of MCF-7 WT and SCR cells remains unchanged (Fig
4.3b). Conversely, the ARFGEF3 KO clones with loss of ARFGEF3 expression exhibit a clear
physiological difference (Fig 4.3c). They tend to form clustered colonies in contrast to the
growth patterns of the WT and SCR cells. To further investigate, a growth curve assay was
performed on the MCF-7 cell line to evaluate the role of ARFGEF3 in breast cancer
proliferation. Both SCR and ARFGEF3 KO cells were cultured, and their growth was assessed

every seven days, which was continued for seven weeks. Although the morphology of SCR
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and KO cells exhibited differences, their overall growth rates were comparable (Fig 4.4). This
finding indicated that although loss of ARFGEF3 expression may affect cellular structure and

morphology, it may not significantly impact the proliferation rate under the specific conditions

examined.

Figure 4.3 Microscopic Images of MCF-7 under different conditions.

A) Un-transfected MCF-7 Wild Type (WT) cells-this image shows MCF-7 Wild Type cells in
their normal state, without any genetic modifications or transfection. B) ARFGEF3 KO clone
cells; this image illustrates the morphology of MCF-7 cells following loss of ARFGEF3
expression. The cells display changes in their appearance, which include variations in cell size,
shape, and clumping. C) SCR control cells; these cells have undergone the same transfection
procedure but with a non-targeting SCR sequence instead of BIG3 and their morphology
remains like the WT cells.
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Figure 4.4 Growth Curve analysis of ARFGEF3 KO and SCR.
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This graph was plotted using a cumulative population doubling level. It represents the growth
rate of MCF-7 cells with ARFGEF3 KO compared to SCR control cells were measured over 7
passages. The cell number was recorded every seven days to monitor the cumulative population
doubling levels. The blue line represents the cell growth rate of the ARFGEF3 KO clone. The
KO cells follow a steady growth trend identical to the SCR control cells (orange line).

4.4 Analysis of PHB2 Expression at mRNA and protein levels

ARFGEF3/BIG3 has previously been reported to regulate the activity of PHB2 (Chigira et al.,
2019b). So, the expression of PHB2 was analysed at the transcript level and protein level in
ARFGEF3 KO clones and SCR control using RT-PCR and Western blot. This analysis aimed
to provide insight into the regulatory interplay between BIG3 and PHB2. The BIG3-PHB2
binding complex prevents PHB2 from interacting with and inhibiting oestrogen receptors in
the presence of BIG3. This lack of inhibition of ER by PHB2 promotes the proliferation of
breast cancer cells (Yoshimaru, Ono, ef al., 2017; Toki et al., 2021c¢). Conversely, PHB2 binds
to oestrogen receptors in the absence of BIG3, inhibiting its activity and reducing cell
proliferation. This interaction between BIG3 and PHB2 plays a crucial role in the regulation of

oestrogen signalling pathways within breast cancer cells (Yoshimaru et al., 2013).

PHB2 plays a vital role in regulating oestrogen-dependent processes in the cytoplasm and
nucleus of cells and functions as a regulator in the cytoplasm, maintaining mitochondrial
integrity and function, which is crucial for cell survival and energy production (Toki et al.,
2021c). PHB2 can directly bind to oestrogen receptors, inhibiting their transcriptional activity
and suppressing oestrogen signalling pathways. This nuclear inhibition is significant during the
loss of BIG3 and has been shown to result in decreased cell growth and increased apoptosis
(Yoshimaru, Ono, et al., 2017; Toki et al., 2021c). Therefore, the disruption of the BIG3-PHB2
interaction has a major impact on oestrogen signalling and cell proliferation. PHB2 expression
was validated in ARFGEF 3 KO clones and SCR control using RT-PCR and western blot. In

RT-PCR analysis, the expression of PHB2 is similar in both the ARFGEF3 KO clone and SCR.
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In Western blot analysis, PHB2 protein levels were notably elevated in ARFGEF3 KO clones
compared to SCR in both total cells and cytoplasmic-only extracts (Fig 4.5). This upregulation
of PHB2 expression in the absence of BIG3 may have significant implications for cell
proliferation and survival, specifically considering PHB2’s ability to directly bind oestrogen
receptors, thereby inhibiting their transcriptional activity and suppressing oestrogen signalling

(Yoshimaru et al., 2013; Yoshimaru, Ono, ef al., 2017).

A) (B) —
ARFGEF3 KO  Control Total cells Sytoplasmic
ARFGEF3 KO Control ARFGEF3KO Control
PHB2
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Figure 4.5 Expression analysis of PHB2 in m-RNA level and protein level.

A) RT-PCR analysis confirms the presence of PHB2 expression in the ARFGEF3 KO clone
and control (SCR). Beta-Actin was used as the loading control for this experiment. B) PHB2
expression is elevated in the ARFGEF3 KO clone in comparison with the SCR control in both
total cell lysate and the cytoplasmic component. This was performed by western blot analysis.
Tubulin was used as a loading control for the experiments in the western blot analysis. (C)
Shows the Western blot quantification bar graph of PHB2 levels in total cells and cytoplasmic
compartment.

4.5 Expression Analysis of Neurotransmitter Receptors using RT-PCR
The expression levels of certain GABA and glutamate receptors were examined with an

emphasis on how these receptors are regulated and expressed. Neuronal interactions with brain
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tumours have been widely examined, demonstrating that pseudosynapse activity is associated
with glioma proliferation and invasion (Humsa S. Venkatesh, 2017; Venkatesh et al., 2019).
Brain tumours like gliomas engage in additional interactions with neural circuits through
electric and synaptic pathways. These interactions highlight the significance of
neurotransmitter receptors in promoting tumour growth and metastasis. Neuronal activity
influences the progression of glioma through glutamatergic signalling through AMPA
receptors, which induce depolarising currents in cancer cells and stimulate proliferation
(Venkataramani et al., 2019). The synaptic connections highlight the crucial importance of
neuronal activity in the dynamics of brain tumours. Additionally, breast cancer cells that
metastasise to the brain are involved in glutamatergic signalling, forming pseudo-tripartite
synapses, and activating NMDA receptors to facilitate brain metastasis (Zeng, et al., 2019).
Loss of BIG3 expression was considered a potential mechanism for regulating neurotransmitter
receptors in breast cancer as previous work has shown that loss of BIG3 in neurons by RNA

interference increased gabergic signalling (Liu ef al., 2016a).

Previously, Nanda Gopal Ajay Kumar, an MPhil student supervised by Dr. Mark Morris,
analysed the expression of several neurotransmitter receptors at the RNA level in breast cancer
cells. The receptors exhibited higher expression in ARFGEF3 KO, as evidenced by RT-PCR
and qPCR (Fig. 4.6). I then continued to validate whether these RNA-level expressions were
observed at the protein level. In addition to that, I continued investigating other
neurotransmitter receptors. This research presents a continuation and extension of the initial
study by integrating a combination of neurotransmitter receptor genes that both Nanda Gopal
Ajyakumar and I have investigated. These genes were chosen based on their role in the
formation of receptor complexes, particularly those involving GABA and glutamate signaling

pathways. I present here data generated by Mr Ajyakumar (Fig4.6) and then work conducted
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by myself (Fig 4.7) and finally a figure combining the work is presented to facilitate an

overview (Fig 4.8).
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Figure 4.6 Expression data of neurotransmitter receptor subunits in Control (SCR) and
ARFGEF3 KO clones were analysed using end-point PCR and qPCR (Nanda Gopal’s).

The data from both endpoint and qPCR analyses provide insight into the differential expression
of neurotransmitter receptor subunits in ARFGEF3 KO clones compared to SCR control cells.
A) The neurotransmitter receptor subunits GABRGI1, GRIN2C, and GRIN2D exhibited
significant upregulation in the ARFGEF3 KO clone compared to the control at the transcript
level. The expression of GABRA2 and GABRA4 were only expressed in the ARFGEF3 KO
clone. No significant change was observed in GABBR1 expression between the ARFGEF3 KO
clone and control samples. GRNI2B was expressed in the control. Beta-actin was used as a
loading control for the end-point PCR. B) These findings were validated using qPCR, where
GABRGI1 showed significant upregulation in ARFGEF3 KO samples, and GRIN2C and
GRIN2D also showed increased expression in ARFGEF3 KO clones compared to the SCR.
GAPDH was used as a control for qPCR.

I have conducted an analysis on the expression of the following neurotransmitter receptors,
GABA receptors: GABRG2, GABRB2, GABRB3, GABRE, GABRA3, GABRAS, and
GABRAG6; AMPA receptors: GRIAT and GRIA2, and NMDDA receptors: GRIN1 at the RNA
level, where they were differentially expressed. The analysis was conducted using end-point
PCR (Fig 4.7) and qRT-PCR (Fig 4.8). qPCR was conducted for the neurotransmitter receptors
where end-point PCR did not produce clear results, allowing for more precise quantification of
gene expression levels. For the GABA receptor GABRB3, I initially performed end-point PCR,
which provided preliminary confirmation of its expression. To further validate, I followed up
with qPCR to ensure consistency and accuracy of the results at a quantitative level. The

complete analysis obtained a more detailed understanding of the differentially expressed

various neurotransmitter receptors in ARFGEF3 KO cells as compared to the SCR control.
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Figure 4.7 Expression data of neurotransmitter receptor subunits in Control (SCR) and
ARFGEF3 KO clone using RT-PCR (conducted by me).

The RT-PCR analysis shows that the GABA receptors GABRAS5 and GABRB3 were only
expressed in ARFGEF3 KO clones, in which GABRB3 was very prominently shown,
indicating an upregulation. The other GABA receptors, GABRA3 and GABRAG6, show
downregulation or absence of expression in ARFGEF3 KO compared to the control (SCR).
There is no notable difference in the expression of GABRE between ARFGEF3 KO and the
control (SCR). Beta-actin was used as a loading control.
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Figure 4.8 mRNA expression levels of neurotransmitter receptor subunits in ARFGEF3
KO and Control SCR using qRT-PCR analysis (conducted by me).

The relative mRNA expression of neurotransmitter receptors between ARFGEF3 KO cells and
control (SCR) cells. The data is presented as mean + standard deviation (SD). Statistical
significance was determined using the t-test. The significance levels are: * = p < 0.05, ** =p
< 0.01, *** = p < 0.001 and ns= statistically not significant. A) The mRNA expression of
GABRB3 was increased in the ARFGEF3 KO clone compared to the control SCR. This
difference was statistically significant, yielding a p-value of 0.0364 and a t-value 0f2.229. This
indicates a statistically significant upregulation of GABRB3 expression in the ARFGEF3 KO
clone (*** = p < 0.001). B) GABBRI1 expression was significantly upregulated in the
ARFGEF3 KO compared to the control SCR, with a p-value 0 0.0364 and a t-value of 2.229.
C) There is no significant difference in GRIA1 mRNA expression between ARFGEF3 KO and
the control SCR however, there is a slight increase in the ARFGEF3 KO clone; p=0.1321 and
t=1.564. D) There is no significant difference in the mRNA expression of GRIN1 in ARFGEF3
KO and the control SCR, with a p= 0.6310, t=0.487. E) GRIA2 expression was significantly
downregulated in the ARFGEF3 KO clone compared to the control (SCR), which provides a
p-value of 0.0015 and a t-value of 3.632. F) The expression levels of GABRG2 show a down-
regulation in the ARFGEF3 KO clone compared to the control SCR; p=0.00044, t=3.175. G)
The relative mRNA expression levels of GABRB2 in ARFGEF3 KO compared to the control
SCR show a significant downregulation in ARFGEF3 KO compared to the control SCR, with
a p-value 0f <0.0001, and a t-value of 4.967.

The data from both endpoint and qPCR analyses provide insight into the differential expression
of neurotransmitter receptor subunits in ARFGEF3 KO clones compared to SCR control cells.

In Figure 4.6, conducted by previous student Ajaykumar, there was a significant differential
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expression at the transcript level in the ARFGEF3 KO clone and SCR control cells. More
precisely, GABA receptors: GABRG1, GABRA2 and GABRA4, and NMDAR receptors:
GRIN2C and GRIN2D, exhibited significant upregulation in the ARFGEF3 KO clone
compared to the control. No significant change was observed in GABBRI1 expression between
the ARFGEF3 KO clone and control samples. GRNI2B was expressed in the control, which
shows a downregulation in ARFGEF3 KO. These findings were validated using qPCR, where
GABA receptor: GABRG1 showed significant upregulation in ARFGEF3 KO samples.
NMDAR receptors: GRIN2C and GRIN2D also showed increased expression in ARFGEF3

KO clones compared to the control SCR.

In addition to this, I have analysed several more neurotransmitter receptors, GABA receptors:
GABRA3, GABRAS5, GABRA6, GABRE, GABRB3, GABBRI, GABRB2, GABRG2,
AMPA receptors: GRIA1, GRIA2, and the NMDA receptor: GRIN1 using end-point PCR and
qPCR, which are shown in figure 4.7 and 4.8. Figure 4.7 shows that the loss of BIG3
differentially regulates the expression of the neurotransmitter receptors. The GABA receptors
GABRAS and GABRB3 receptors were only expressed in ARFGEF3 KO clones, in which
GABRB3 was very prominently shown, suggesting an upregulation. The other GABA
receptors, GABRA3 and GABRA6, show downregulation or absence of expression in
ARFGEF3 KO compared to the control (SCR). There is no notable difference in the expression
of GABRE between ARFGEF3 KO and control (SCR). Figure 4.8 depicts the relative mRNA
expression levels of neurotransmitter receptors of which GABA receptor: GABBR1 and
GABRB3, and AMPA receptor: GRIA1 show significant upregulation in the ARFGEF3 KO
clone compared to SCR. Other GABA and AMPA receptors (GABRG2, GABRB2, and
GRIA2) show downregulation in ARFGEF3 KO. Whereas another AMPA receptor: GRIA2
does not show any significance between the ARFGEF3 KO and the control SCR expression.

The combined data in Figure 4.9 shows the previous student Nanda Gopal Ajay Kumar’s and
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my current work, which illustrates the differential expression of neurotransmitter receptor
subunits at the transcript level between ARFGEF3 KO and control SCR at the transcript level.
To summarise, the previous student’s findings, in addition to my current data, show that
GABRGI1, GRIN2C, GRIN2D, GABRB3, GABRAS, GABRE, GABBRI, and GRIAIl
exhibited significant upregulation in the ARFGEF3 KO clone, whereas GRIA2, GABRG2,
GABRB2, GABRA3, GABRA6, GRINI, and GRIN2B showed downregulation in the
ARFGEF3 KO clone. This suggests that the ARFGEF3 mutation in metastatic breast cancer
may regulate these receptor subunits at the transcript level. Examining the protein expression
of neurotransmitter receptors is crucial for understanding their functional significance in breast
cancer. To quantify and analyse neurotransmitter receptors' protein expression in breast cancer

cell lines, western blot and flow cytometry experiments were conducted.

(A) BIG3 KO Control

ARFGEF3 - m———
GABRA2
GABRA3
GABRA4
GABRAS

GABRAG

GABRE

GABBR1 L T ]
GABRB3 | ‘——

GABRG1 | —

GRIN2B

GRIN2C

GRINZD | m—

B-ACTIN

69



(B)

mRNA expression LEET
GRINZD

scrd KO 28

GRIA1

0.000020

0.000008 -

mRNA expression 2%CT

0.000020 EE

0.000016 -

0.000012

0.000008 -

mRNA expression 2*CT

ol J
=

ns
0000016 [ |
0.0000124
L]

0.000004 T
L
0.000000 -—;——l % a

mRNA expression 28457
GABRG1

mRNA expression 2%CT

mRNA expression 2CT

SCR KoOz28

GABRB3

0.06

mRNA expression 2227
GRINZC

mRNA expression 299CT

mRNA expression 2CT

0.008

0.006

0.004

0.002 -

0.0004

0.0002

SCR3 KO 28

GABBR1

e

Figure 4.9 mRNA expression levels of neurotransmitter receptor subunits in ARFGEF3
KO and Control SCR of a previous student, Nandagopal Ajaykumar and current data

done by me.

The endpoint (A) and qPCR(B) data represent the differential expression of neurotransmitter
receptor subunits in ARFGEF3 KO and control SCR at the transcript level. To summarise the
combination of all analyses, it shows that GABRG1, GRIN2C, GRIN2D, GABRB3, GABRAS,
GABRE, GABBRI1, and GRIA1 exhibited significant upregulation in the ARFGEF3 KO clone,
whereas GRIA2, GABRG2, GABRB2, GABRA3, GABRA6, GRIN1, and GRIN2B showed
downregulation in the ARFGEF3 KO clone.
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4.6 Expression Analysis of Neurotransmitter Receptors using Western Blot

Following the analysis of mRNA, protein expression levels were validated by western blotting
to confirm the differential expression of neurotransmitter receptor subunits in ARFGEF3 KO
cells and the control SCR cells. In this study, western blotting was used to analyse the
expression of several neurotransmitter receptors in metastatic breast cancer cells with
ARFGEF3 KO and in the control SCR cells. Target-specific antibodies were used for the
protein analysis of neurotransmitter receptors GABRB3, GABRGI1, and GABRA4 (Figure
4.11). The expression levels of GABRB3 show similar levels of protein in ARFGEF3 KO and
the control SCR; no significant difference was observed between the ARFGEF3 KO and the
control SCR. Both the GABA receptors: GABRG1 and GABRA4, show an upregulation in
ARFGEF3 KO cells compared to the control SCR cells. The presence of prominent bands for
GABRGI1 and GABRA4 in ARFGEF3 KO cells indicates higher protein expression levels of
these neurotransmitter receptors than the control SCR. The differential expression can suggest
the potential involvement of BIG3 in regulating the neurotransmitter subunit expression in
breast cancer cells. Further expression analysis of these and other receptor components was

carried out quantitatively by flow cytometry.
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Figure 4.10 Confirmation of expression of neurotransmitter receptors at protein level
using Western blot.

The following data depict the western blot analysis of neurotransmitter receptors in ARFGEF3
KO cells and the control SCR cells. Beta-actin was used as the loading control, which confirms
the equal protein loading across the samples. A) The protein levels of the GABRB3 subunit in
ARFGEF3 KO and the control SCR show similar protein expression levels. B) GABRG1’s
protein expression was more prominent in ARFGEF3 KO than in SCR, indicating an
upregulation at the protein level. C) ARFGEF3 KO showed an upregulation compared to the
control SCR in correspondence to GABRA4 expression, where there was no expression at the
control SCR. D), E), and F) show the Western blot quantification graph for GABRB3,
GABRGI1 and GABRAA4.

4.7 Expression Analysis of Neurotransmitter Receptors Using Flow
Cytometry

A quantitative analysis was conducted to analyse the expression of selected neurotransmitter
receptors at the protein level in the ARFGEF3 KO clone and SCR. This analysis was conducted
after confirming their expression at transcript level, based on antibody availability. Initially,
experiments were carried out using antibodies for GABRGI1, GRIN2D, and GRIN2C.
Subsequently, additional receptor antibodies were ordered, resulting in a sample count
difference from 10 to 4. In this flow cytometry analysis, the expression of neurotransmitter
receptors in the breast cancer cell line MCF-7 was quantitatively assessed, comparing
ARFGEF3 KO cells to control cells. Figure 4.11 depicts the immunostaining of the
neurotransmitter receptors in ARFGEF3 KO, and the SCR. Figures A and C show the

GABRG1 and GRIN2D ARFGEF3 KO results where the drift in cell populations towards the
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gate is greater than that of the control SCR (B and D), indicating a notable upregulation of
GABRGI1 and GRIN2D in ARFGEF3 KO cells. Similar results are seen in Figures E, G, I, and
K which show elevated GRIN2B, GRIN2C, GABRA3, and GABRA4 staining in ARFGEF3
KO, resulting in a shift of cell populations towards the gate compared to the control SCR. This
shows a higher expression of GRIN2B, GRIN2C, GABRA3, and GABRA4 in ARFGEF3 KO
when compared to the control SCR (F, H, J, and L). Figures M and N depict ARFGEF3 KO
and the control SCR for GABRB3, showing a similar shift towards the gating region. However,
this shows no significant difference in expression between the ARFGEF3 KO (M) and the
control SCR (N). Figures O and P serve as controls, showing cells stained only with secondary
antibodies to check the presence of background staining, which is crucial to validate the

primary antibody’s binding specificity.
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Figure 4.11 Histograms and counterplots illustrate different neurotransmitter
receptors' protein expression in MCF-7 cell lines.

These histograms and counterplots present flow cytometry data, comparing the expression of
neurotransmitter receptors in ARFGEF3 KO to the control cells. Figures A and C demonstrate
a more significant shift in cell populations towards the gating region for GABRGI1 and
GRIN2D ARFGEF3 KO, respectively than when compared to the control SCR of GABRG1
(B) and GRIN2D (D), indicating an upregulation of GABRG1 and GRIN2D in ARFGEF3 KO.
Figures E, G, I, and K exhibit shifts in population for GRIN2B, GRIN2C, GABRA3, and
GABRA4 ARFGEF3 KO cells compared to control the SCR cells in figures F, H, J and L,
which shows an increase in the expression of these receptors in BIG3KO compared to the
control SCR cells. Figures M and N depict ARFGEF3 KO and the control SCR for GABRB3,
showing a similar shift of cell populations towards the gating region. This shows no
significance in expression between the ARFGEF3 KO (M) and the control SCR (N). Figures
O and P serve as isotype controls.
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Figure 4.12 Bar graph shows the population percentage increase in neurotransmitter
receptor expression in the MCF-7 cell lines.

This graph represents the flow cytometry data, which compares the protein expression of the
neurotransmitter receptors in ARFGEF3 KO and the control cells. ARFGEF3 KO cells show a
significantly higher percentage of the population expressing GABRG1 and GRIN2D than the
control SCR. This statistically significant difference with a p-value <0.0001 for both and t-
value = 8.162, and 5.538, respectively, suggests upregulation of GABRGI1 and GRIN2D
expression in ARFGEF3 KO compared to the control SCR. GRIN2B (p = 0.0321, t-value =
2.488), GRIN2C (p = 0.0374, t-value = 2.339), GABRA3 (p = 0.0158, t-value = 2.901) and
GABRA4 p = 0.0339, t-value = 2.556) show a higher expression in ARFGEF3 KO cells
compared to the control SCR. The expression of GABRB3 (p = 0.6777, t-value = 0.4365) in
ARFGEF3 KO is expressed but also expressed in the control, which shows no significance of
expression between them.

Figure 4.12 shows bar graphs, that represent the flow data for the neurotransmitter receptors in
ARFGEF3 KO and the control SCR MCF-7 cells. Notably, ARFGEF3 KO cells exhibit a
substantially higher expression of GABRGI1 and GRIN2D, indicating a significant
upregulation in expression compared to the control. Additionally, receptor components
GRIN2B, GRIN2C, GABRA3, and GABRA4 also show higher expression in ARFGEF3 KO
cells compared to the control SCR, though to a lesser extent in comparison with the other
receptors. Conversely, GABRB3 expression remains consistent between ARFGEF3 KO, and
the control SCR cells, exhibiting no significant difference. These differences are statistically
significant, suggesting that the loss of ARFGEF3 leads to the increased expression of these
receptor components. These findings indicate that ARFGEF3 significantly regulates the
expression of specific neurotransmitter receptors, this finding is crucial for comprehending its
broader biological functions. To further validate our findings, we aimed to determine whether
the upregulated proteins were correctly localised on the cell surface; a prerequisite for them to

act as functioning receptors. To do this immunofluorescence studies were conducted on

neurotransmitter receptors.
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4.8 Qualitative Analysis of Neurotransmitter Receptors Using
Immunofluorescence

To further validate our findings, we aimed to determine whether the upregulated proteins were
correctly localised on the cell surface, a prerequisite for them to function as receptors. To
facilitate this, immunofluorescence studies were conducted on one of the GABA receptors,
GABRGI1. The identification of neurotransmitter receptor components on the cell surface using
immunofluorescence analysis allows us to confirm the presence of these components on the
cell membrane, emphasising their significance in breast-to-brain metastasis and as a potential
therapeutic target. The distinct localisation of these receptors on the cell membrane is crucial
for their involvement in pseudo-synaptic signalling (Neman et al., 2014b; Barron et al., 2023;
Das et al., 2023a). The cells were fixed and stained to see the expression of neurotransmitter
receptors on the cell surface using a confocal immunofluorescence microscope, initially
focusing on GABA receptor GABRGI. Figure 4.13 shows the immunostaining results of the
GABRGT1 neurotransmitter receptor in MCF-7 cells. Figures A, B, and C show the ARFGEF3
KO cells, where the GABRGI1 is upregulated and predominantly exhibits strong fluorescence
localised on the cell membrane, indicating its presence on the cell surface. Conversely, figures
D, E, and F represent the control SCR cells, where GABRGI staining is less pronounced, and
its location at the cell surface is not clear. This suggests that GABRG]1 is upregulated and
present on the cell surface in the absence of ARFGEF3 and expressed at very low levels in

cells that express BIG3.

Neurotransmitter receptors are composed of multiple subunits, the number and arrangement of
these subunits vary based on their synaptic activity. Glutamate receptors: NMDA receptors
consist of four subunits (two NR1 and NR2/NR3 subunits), which allow for complex signalling
and contribute to synaptic plasticity (Sanfilippo et al., 2024). AMPA receptors are formed by

four subunits (GluAl, Glu A2, GluA3, and GluA4), demonstrate variable calcium permeability
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based on the presence of the Glu A2 subunit (Masugi-Tokita and Shigemoto, 2007). GABA A
receptors are composed of five subunits from combinations of a, B, and y types, influencing
synaptic inhibition (Hammond-Weinberger et al., 2020). The subunit composition of AMPA
receptors affects synaptic strength and plasticity, while the GABA A receptor's subunit
arrangement influences the inhibitory tone and excitability of neurons. The co-localization of
receptor subunits in synapses contributes to the specificity and efficacy of synaptic signalling.
The identification of receptor component co-localization is vital for understanding the
functional dynamics of neurotransmitter receptors in synaptic contexts. Recent studies have
highlighted the complexity of receptor assemblies and their role in modulating synaptic
transmission (Sanfilippo et al., 2024). Immunofluorescence studies could provide high-
resolution insights into the spatial organization of these receptors at synapses, but more work
is required to precisely map the co-localization of receptor components and their integration

into distinct synaptic protein complexes.

ARFGEF3KO
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SCR

Figure 4.13 Qualitative analysis of expression of neurotransmitter receptors in MCF-7
cell lines.

These images show that ARFGEF3 KO and the control SCR cells were stained with a primary
antibody (GABRG1), a secondary antibody (FITC-green fluorescence), DAPI, and Actin-Red.
They were viewed and captured using a confocal microscope at 400x magnification. The
intense green fluorescence indicated increased expression of GABA receptor GABRGI in
ARFGEF3 KO cells (A-green fluorescence, B-DAPI and C-Actin Red), specifically on the cell
surface. On the other hand, the control SCR (D-green fluorescence, E-DAPI and F-Actin Red)
shows a faint green fluorescence within the cell’s interior but is not prominent on the cell
surface.
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Breast cancer remains one of the most prevalent cancers worldwide, primarily due to its ability
to metastasise to distant organs (Ramamoorthi and Lin, 2011). Most reported cases are caused
by the oestrogen receptor alpha (ERa) positive cells, and the cell proliferation is attributed to
uncontrolled oestrogen hormone (Berry et al., 2005). Oestradiol, a primary oestrogen hormone
produced in females, is seen to activate Era (Gumireddy et al., 2016b; Gamble et al., 2021).
The mechanism of oestradiol and ERa signalling in breast cancer remains incompletely
understood. A study by Chen et al. 2014 demonstrated that ARFGEF3 (BIG3) is a regulator of
oestradiol and ERa signalling in breast cancer. ARFGEF3 was found to be overexpressed in
breast cancer cells compared to normal human cells. ARFGEF3 (Brefeldin A-inhibited guanine
nucleotide-exchange protein 3, BIG3 is expressed in brain and pancreas in healthy individuals,
regulating the secretion of neurotransmitters and insulin (Liu er al, 2016b). PHB2, a
multifunctional protein involved in various cellular processes, binds to BIG3 to modulate the
transcriptional activity of ER-a. (Chigira et al., 2019a; Toki et al., 2021a). BIG3 functions as
an inhibitor of PHB2 nuclear translocation, thus controlling ER-a’s ability to modulate
transcription in the nucleus (Kim et al., 2015). The interaction between BIG3 and PHB2 leads
to the dephosphorylation of PHB2, resulting in the attenuation of its tumour suppressor
function. This activation of the oestradiol (E2)/ERa pathway fosters tumour growth,
proliferation, and resistance to breast cancer therapies, including antioestrogen agents like
tamoxifen and xanthohumol (Yoshimaru et al., 2014). In the absence of ARFGEF3, PHB2
forms a complex with KPNA proteins, facilitating its translocation to the nucleus, where it
binds to the ERa complex and suppresses the ER activity, thereby inhibiting cell growth and
proliferation (Kim et al., 2015). In breast cancer, ARFGEF3 expression is upregulated, leading
to competitive binding between PHB2 and ARFGEF3 in place of KPNA proteins (Chen et al.,
2014). This binding disrupts PHB2’s nuclear translocation and results in unmodulated ERa

transcriptional activity, ultimately promoting tumour progression (Kim et al., 2009). Although
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BIG3 is overexpressed in primary breast cancer and functions as a proto-oncogene, our work

suggests that it may also act as a metastasis suppressor.

In addition to glucose, metastatic cancer cells exploit other energy sources in the brain, such
as GABA and glutamate. These neurotransmitters, which are abundant in the brain, serve as
alternative fuels that cancer cells can utilise to sustain their growth (Neman et al., 2014c; R. Q.
Li et al., 2023b). Under adverse circumstances, such as limited oxygen availability, low
glucose levels, and the accumulation of waste products, cancer cells can exploit neighbouring
non-malignant cells and non-cellular components to sustain their growth and

survival (Jahanban-Esfahlan, Seidi and Zarghami, 2017).

The primary cell types of the brain comprise neurons, astrocytes, and microglia, which play a
crucial role in supporting the survival and growth of metastatic cells. Neurons and glial are the
primary cell types in the brain. Signalling between Neurons is facilitated primarily by two
neurotransmitters, excitatory glutamate which initiates an electrical impulse and inhibitory
GABA which stops a neural transmission. Astrocytes, being unique to the brain, are
particularly important for metastatic cell adaptation. To effectively colonise the brain,
metastatic cells undergo significant phenotypic and functional changes, establishing functional
gap junctions with astrocytes, allowing them to communicate and transfer signals essential for
tumour growth and invasion (Chen et al., 2016; Srinivasan et al., 2021). The study conducted
by Wang et al. 2013 further demonstrated that these secreted factors from astrocytes
significantly increase the migration and invasion capacity of breast cancer cells, establishing

astrocytes as key players in the progression of brain metastasis (Chen et al., 2016).

In glioma patients, neuronal stimulation was found to increase the expression of neuroglin-3
(NLGN3), a synaptic protein in neurons. The elevated expression of NLGN3 drives glioma cell

proliferation, suggesting that neurons might also aid the progression of brain metastasis in
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breast cancer (Venkatesh et al., 2015). The interaction between neurons and tumours via
neurotransmitter receptors significantly enhances the survival and proliferation of both primary
brain tumours and metastatic brain tumours within the brain microenvironment. In the neuronal
environment, neurotransmitters also play a crucial role in gliomas by entering tumour cells and
regulating their proliferation, invasion, and cellular differentiation (Huang et al., 2022). This
neuron-cancer cell interaction highlights the possibility of neurons not only supporting glioma
growth but also contributing to the brain colonization of breast cancer cells. The breast cancer
cells that metastasize to the brain exhibit neuronal-like phenotypic adaptations. These
metastatic cells express high levels of GABA receptors and transporters, mimicking neuronal
properties and enabling them to utilise GABA as an alternative metabolic resource (Neman et
al.,2014c; R. Q. Li et al., 2023b). The study by Neman et al. demonstrated that breast cancer
cells in the brain show elevated GABA catabolism, suggesting that these cells have evolved to
use GABA as an energy source to survive and grow in the brain (Neman et al., 2014c; R. Q.
Liet al., 2023b). This phenotypic shift towards GABAergic characteristics indicates that breast
cancer cells not only adapt to the brain microenvironment but also actively exploit it to meet

their metabolic needs.

In addition to GABA, the glutamatergic system is also co-opted by brain metastatic cells.
Breast cancer cells upregulate glutamate receptors, further integrating into the brain's
neurotransmitter network. This allows them to utilise glutamate signalling for tumour
progression and invasion, indicating a broader adaptation to the neurochemical environment of
the brain (Sontheimer, 2008; Venkataramani et al., 2019). Metastatic breast cancer cells show
features similar to neurons in terms of their receptor expression and metabolic activity,
demonstrating how they integrate into the brain's complex cellular interactions to promote their
survival. Zheng and colleagues further demonstrated that GRIN2B, a glutamate receptor

subunit, is upregulated in over 40% of breast cancer patients with brain metastasis (Venkatesh
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et al.,2019; Zeng, Zhang, et al., 2019). Knocking out GRIN2B in MDA231 breast cancer cells
significantly impaired their ability to colonize the brain, underscoring the importance of
glutamate signalling in brain metastasis. Activation of GRIN2B and NMDARs generates a
calctum influx that promotes the MEK-MAPK and CAMK pathways, both of which are

associated with tumour growth and poor prognosis (Liu et al., 2005; Venkatesh et al., 2015).

The study presented here investigates the role of ARFGEF3 in the regulation of differentially
expressed neurotransmitter receptors in breast cancer cells that metastasise and colonise the
brain. Gene expression is a key factor in the unregulated growth and spread of tumour cells. In
this context, mutations in ARFGEF3 may represent a genetic alteration acquired by breast-to-
brain metastatic cells during the metastatic process. Such mutations likely enhance their ability
to adapt to the challenging conditions of a secondary site, enabling them to thrive and colonize
within the new tumour microenvironment. Characterizing the role of BIG3 in the brain
colonization of breast tumour cells provides valuable insights into the complexities of brain
metastasis and highlights potential therapeutic targets. BIG3’s involvement in regulating
neuronal signalling was elucidated by Liu et al. (2016), demonstrating that the loss of BIG3 is
associated with the increase of GABA activity. Cancer cells that metastasise must adapt to the
unique metabolic environment, which often includes nutrient deprivation and metabolic stress

(Liu et al., 2016a; Toki et al., 2021a).

Current research has revealed communication between tumour cells and the brain’s cellular
network. Tumour cells invading the brain exploit neurotransmitter signalling pathways to
reprogram the brain microenvironment, fostering tumour adaptation and driving uncontrolled
growth and proliferation (Kuol et al., 2018; Jiang et al., 2020). One potential mechanism
contributing to this adaptation is the loss of BIG3 function due to mutation, which may play a

crucial role in brain metastasis. Furthermore, BIG3, a gene implicated in breast-to-brain
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metastasis, has been linked to the regulation of neurotransmitter receptors. In this study,
CRISPR-Cas9 editing of MCF7 breast cancer cells was used to investigate the role of BIG3.
Knockout of BIG3 revealed differential expression of neurotransmitter receptor subunits,
including glutamate and GABA receptor subunits. These findings suggest that mutations in

BIG3 may be one mechanism by which breast cancer cells achieve brain colonization.

Whole-exome sequencing of 26 breast-to-brain metastasis (BBM) samples by Dr. Olivares in
Dr. Morris’s group identified mutations in ARFGEF3, predominantly substitution mutations
predicted to inactivate the gene. This evidence suggests that ARFGEF3 loss may play a role in
BBM (Figure 4.1). To model this, ARFGEF3 was knocked out in MCF7 breast cancer cells
using CRISPR-Cas9, which was performed and confirmed by Dr. Olivaries. To ensure the
validity of the project, I first revived all the stored cell lines and confirmed that these were the
appropriate knockouts before proceeding further. Clone 28 was confirmed as a successful

knockout (KO) through PCR and Western blot analyses (Figure 4.2).

This work is the first instance of knocking out BIG3 experimentally in breast cancer cell lines.
Initially, I did some preliminary primitive assays, starting with the proliferative assay. The
growth trends of MCF-7 cells with ARFGEF3 KO compared to SCR control cells with 7
passages were assessed. The cell number was recorded every seven days to monitor the
cumulative population doubling levels. SCR cells are the control cells, which underwent the
same procedures. Following the KO of BIG3, BIG3 KO cells demonstrate the same
proliferation rates compared to control cells under similar conditions. It is the first experiment
of evidence that loss of BIG3 does not change the proliferative rate in breast cancer cells.
(Figure 4.3 and 4.4). However, there is a phenotype change, which may require further
investigation, as the phenotype appears to look somewhat like mesenchymal cells (Huang, Wu

and Xu, 2015; Fedele et al.,, 2022; Kepuladze, Burkadze and Kokhreidze, 2024). By
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proliferating at the same rate, cancer cells may evade chemotherapeutic agents that typically
target rapidly dividing cells, thereby increasing the likelihood of dormancy and micro-
metastasis formation. Patients with ER-positive breast cancer typically receive tamoxifen
therapy to reduce the risk of recurrence. However, in some cases, brain metastases can develop
many years after completing treatment. This represents a significant clinical challenge in the
UK, as patients who believe they are cured may experience late disease relapse long after
discontinuing tamoxifen and other therapies. Emerging evidence suggests that this
phenomenon may be driven by specific evolutionary mechanisms, allowing dormant tumor
cells to evade treatment and later reactivate in the brain microenvironment. Literature supports
the existence of these mechanisms, highlighting the need for further research to improve long-

term management strategies for ER-positive breast cancer patients.

The dormancy effect is a crucial factor in the development of breast cancer brain metastases,
particularly in patients with ER-positive tumours who have undergone prolonged tamoxifen
treatment. While tamoxifen significantly reduces recurrence and mortality rates, a subset of
patients experiences late-onset metastases, often years after discontinuing therapy, suggesting
a dormancy-driven mechanism(Davies et al., 2013; Rossari et al., 2020). Dormant tumour cells
evade treatment by entering a quiescent state through mechanisms such as autophagy, stress-
response signaling, and epigenetic modifications, allowing them to survive under unfavourable
conditions and later reactivate. (Wang and Lin, 2013). Notably, dormant tumor cells often
exhibit stem cell-like properties, rendering them resistant to standard chemotherapy, including
tamoxifen (Fehm et al., 2012; Banys-Paluchowski, Reinhardt and Fehm, 2020). This presents
a significant clinical challenge, as these cells can remain undetected for extended periods,
leading to late recurrences and metastases, particularly in the brain (Rossari ef al., 2020; Nisar

et al., 2024). Understanding the molecular drivers of dormancy and reactivation is essential for
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developing targeted therapeutic strategies to eliminate dormant tumor cells and prevent brain

metastases in ER-positive breast cancer patients (Rossari et al., 2020; Robinson et al., 2020).

Following the validation growth curve analysis, the expression of PHB2 was analyzed at both
the transcript and protein levels in ARFGEF3 KO and SCR control cells to explore the
regulatory dynamics between BIG3 and PHB2. The BIG3-PHB2 complex formation is known
to prevent PHB2 from interacting with and inhibiting estrogen receptors, thereby promoting
estrogen-dependent breast cancer cell proliferation (Yoshimaru, Aihara, et al., 2017b; Toki et
al.,2021a). In the absence of BIG3, PHB2 binds to estrogen receptors, inhibiting their activity
and leading to reduced proliferation. PCR analysis revealed similar PHB2 transcript levels in
both ARFGEF3 KO and SCR control cells, indicating that BIG3 does not regulate PHB2
transcriptionally. However, Western blot analysis demonstrated a significant upregulation of
PHB?2 protein in ARFGEF3 KO cells compared to SCR controls, observed in both total cell
lysates and the cytoplasmic fraction (Figure 4.5). This upregulation highlights a post-
transcriptional or translational regulation of PHB2 expression in the absence of BIG3,
potentially enhancing PHB2’s ability to inhibit estrogen receptor activity and suppress estrogen

signalling (Yoshimaru, Ono, et al., 2017; Toki et al., 2021a).

Recent research has shown that breast cancers that metastasised to the brain showed varied
levels of neurotransmitter receptor expression. To investigate the role of ARFGEF3 in
neurotransmitter expression, expression assays of some neurotransmitter receptors were carried
out. The functional relevance of ARFGEF3 in the context of breast-to-brain metastasis has
been elucidated through a series of molecular and functional studies, providing insight into its
regulatory role in metastatic progression. I investigated the downstream impact of loss of
ARFGEF3 on the differential expression of neurotransmitter receptor genes, particularly

focusing on the GABA receptor, AMPA and NMDAR genes. These receptors are pivotal in
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mediating neuronal communication and have been increasingly recognized for their role in the
brain microenvironment's interactions with metastatic cancer cells. The results showed a
significant modulation in the expression of neurotransmitter receptor genes at the mRNA level
following ARFGEF3 knockout. Using endpoint PCR and RT-PCR, it shows that loss of
ARFGEF3 results in altered transcriptional profiles of key subunits associated with both
GABA, AMPA and NMDAR receptors. Specifically, the GABA receptor subunits GABRGI,
GABRB3, GABRAS, GABRE, GABBRI1 and the NMDA receptor subunits GRIN2C, and
GRIN2D demonstrated significant upregulation in ARFGEF3 knockout (KO) clones compared
to wild type the control cells (Figure 4.7 and 4.8). In addition to the upregulation of these
receptors, we also found a downregulation of GRIN1, GRIA2, GABRG2, and GABRB2. This
suggests a potential interaction between breast cancer cells and the GABAergic signalling

pathways within the brain microenvironment.

After validating mRNA expression levels, protein-level analysis was conducted to confirm the
differential expression of neurotransmitter receptor subunits in ARFGEF3 KO and control
(SCR) cells using Western blot, flow cytometry and immunofluorescence. Western blot results
revealed a similar expression of GABRB3 in ARFGEF3 KO and control cells, while GABRG1
and GABRA4 were upregulated in ARFGEF3 KO cells, indicating a potential regulatory role
of BIG3 in modulating these neurotransmitter receptors (figure 4.10). Flow cytometry analysis
further quantified this upregulation, showing significant increases in the expression of
GABRGI1, GRIN2D, GRIN2B, GRIN2C, GABRA3, and GABRA4 in ARFGEF3 KO cells
compared to control cells, with GABRG1 and GRIN2D exhibiting the most pronounced
changes. Conversely, GABRB3 showed no significant difference between the KO cells and the
control cells (Figures 4.11 and 4.12). Immunofluorescence analysis validated the cell surface
localisation of GABRG1 in ARFGEF3 KO cells, highlighting its potential role in pseudo-

synaptic signalling and interaction with the brain microenvironment, as suggested by prior
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studies (figure 4.13). (Humsa S. Venkatesh, 2017; Venkataramani et al., 2021). The underlying
mechanisms driving their differential expression remain unclear; however, the observed
alterations in neurotransmitter receptor expression, particularly in these cells, suggest a
potential advantage for tumor cells within the brain microenvironment. This confirms our
hypothesis that loss of ARFGEF3 results in differential expression of neurotransmitter

receptors in breast cancer cells, which may metastasise to the brain.

Breast cancer cells that metastasize to the brain exploit GABA, an inhibitory neurotransmitter,
as a metabolic substrate by forming active connections with neurons (Termini, Neman and
Jandial, 2014b). These metastatic cells express NMDA receptors, enabling them to form
pseudo-synapses with neurons. Tumour cells replace astrocytes within the synaptic cleft,
creating pseudo-tripartite synapses that provide access to glutamate. This glutamate-dependent
NMDAR signalling enhances calcium influx, promoting tumour proliferation and migration in
the brain microenvironment (Zeng, et al., 2019; Gallo, Vitacolonna and Crepaldi, 2023).
Connexins, particularly Cx31 and Cx43, facilitate tumour cell adhesion to astrocytes. This
interaction promotes focal adhesion kinase (FAK) activation, which triggers NF-«xB signalling.
NF-xB, in turn, enhances laminin deposition and integrin-mediated adhesion, fostering a
supportive microenvironment for tumour cell survival (Wang et al., 2021c; Lorusso ef al.,
2022). NMDAR subunit overexpression, such as NMDAR1 and NMDAR2, has been observed
in aggressive metastatic cells, correlating with increased tumour proliferation (Garcia-Gaytan

et al., 2022; Galloni et al., 2024).

Astrocytes play a crucial role in modulating synaptic transmission within pseudo-tripartite
synapses, significantly influencing both excitatory and inhibitory signalling. Their interactions
with pre- and postsynaptic neurons facilitate various mechanisms that enhance or suppress

synaptic activity, thereby affecting overall neural communication. Astrocytes release
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transmitters in response to neurotransmitter signalling, which can modify synaptic strength.
For instance, astrocytic calcium signalling is essential for regulating presynaptic plasticity,
where the activation of NMDA receptors leads to a decrease in spontaneous glutamate release,
shifting the polarity of synaptic transmission (Letellier and Goda, 2023). Astrocytes are integral
in maintaining GABA homeostasis by taking up GABA from the synaptic cleft, metabolizing
it, and recycling it back to neurons. This GABA-glutamine cycle is vital for sustaining
inhibitory signalling, which is crucial for balanced neural activity (Andersen, Schousboe and
Wellendorph, 2023). Tumour cells express synaptic proteins such as neuroligin-3 and
glutamate receptors (AMPAR, NMDAR), facilitating pseudo-synaptic interactions and
leveraging neuronal activity to promote growth and survival (Faulkner ef al., 2019; Li et al.,

2022).

The interaction between brain tumours and breast cancer cells with the brain microenvironment
is pivotal for their survival, adaptation, and proliferation. Tumour cells exploit neurotransmitter
receptors, particularly NMDA receptors (NMDARs), to establish synaptic-like connections,
known as pseudo-synapses, with neurons. These pseudo-synapses enable tumour cells to
acquire neurotransmitters like GABA and glutamate from the synaptic cleft, which serve as
critical metabolic substrates to sustain tumour growth and energy demands (Andersen,
Schousboe and Wellendorph, 2023; Nguyen et al., 2023). NMDAR activation facilitates
calcium signalling pathways, which are crucial for tumour cell proliferation, survival, and
progression. This communication is further supported by neurotrophic factors released by
tumour cells, which stimulate neuronal infiltration into the tumour microenvironment, creating
a feedback loop that promotes tumour growth and neuronal involvement (Das et al., 2023b).
The ability of tumour cells to co-opt neuronal signalling underscores the adaptability of
metastatic cells in the brain. For instance, in breast-to-brain metastasis, enhanced expression

of post-synaptic proteins and neuroligins supports the formation of pseudo-synaptic structures,
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replacing astrocyte-mediated interactions and establishing direct communication with neurons.
This adaptation not only enhances tumour growth but also highlights the aggressive nature of
metastatic cells as they exploit the brain’s neural architecture (Zeng, et al., 2019; Das et al.,

2023b).

Studies have shown that tumour-neuron communication is enhanced by neurotrophic factors
released by tumour cells, which stimulate nerve infiltration into the tumour microenvironment,
creating a feedback loop that accelerates tumour expansion. The replacement of astrocytic
interactions with direct neuron-tumour communication underscores the aggressive adaptations
of metastatic cells within the brain. For instance, in breast-to-brain metastasis, the GluN2B-
NMDAR signalling pathway has been implicated in facilitating tumour proliferation. These
metastatic cells also exhibit increased expression of post-synaptic signalling proteins and
neuroligins, further strengthening pseudo-synapse formation and tumour growth (Zeng, et al.,
2019; Das et al., 2023b). The studies by Zeng et al. (2019), Venkatesh et al. (2019), and
Venkataramani et al. have significantly advanced our understanding of how brain tumours and
breast-to-brain metastatic cells adapt and survive within the brain microenvironment. Zeng et
al. specifically highlighted the formation of pseudo-synapses by breast tumours, shedding light
on the critical role of NMDAR signalling in facilitating tumour growth and survival. Together,
these findings underscore the intricate crosstalk between tumours and neurons, driven by the

expression of neurotransmitter receptors.

Building on this foundation, the current study gives a few insights into ARFGEF3 in breast-to-
brain metastasis, focusing on its regulation of neurotransmitter receptors. Whole-exome

sequencing of 26 breast-to-brain metastases (BBM) identified ARFGEF3 mutations,
predominantly loss-of-function substitutions, suggesting a role in metastatic adaptation. The

CRISPR CAS9 BIG3 KO cells does not show any alteration of growth rates compared to
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control cells, but demonstrates a mesenchymal-like phenotype, potentially may be contributing
to dormancy and late-onset metastases in ER-positive breast cancer patients post-tamoxifen
therapy. BIG3 loss was associated with increased PHB2. These previous studies by Liu et al.
(2016) and Zeng et al. (2019) have provided valuable insights into the link between neuronal
synaptic regulation and breast cancer brain metastasis. The formation of pseudo-synapses is a
key mechanism for tumour survival and proliferation within the brain microenvironment, as
these structures allow tumour cells to exploit neuronal signaling for their growth. This
knowledge gap leads to the hypothesis that specific genetic mutations may contribute to brain
metastasis by the differential expression of neurotransmitter receptors that enable
pseudosynaptic interactions. This mutation identified in breast-to-brain metastatic cells
emerges as a potential mechanism underlying this altered expression of neurotransmitter
receptors, further enhancing the ability of tumour cells to colonize and thrive in the brain
microenvironment. This finding underscores the need for further mechanistic studies to unravel
the molecular pathways governing pseudo-synapse formation, which could provide critical
insights into the metastatic progression of breast cancer to the brain. Specifically, investigating
how BIG3 mutations influence neurotransmitter receptor expression, tumor dormancy, and
brain colonization is essential for understanding the mechanisms underlying late-stage
metastases. These studies may reveal potential therapeutic targets for preventing the
establishment and reactivation of brain metastases, offering new avenues for improving patient

outcomes.
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6. CONCLUSIONS
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Brain metastasis is a complex process in which primary breast cancer cells invade tissues,
which leads to poor prognosis and significantly reduces the quality of life for affected patients.
This study highlights a potential mechanism by which breast-to-brain metastatic cells colonise
the brain. The loss of ARFGEF3 through mutation is identified as a potential driver of breast
cancer cell metastasis and tumour formation in the brain. Furthermore, metastatic breast cancer
cells exhibit active signalling with neurons, which supports their survival and proliferation in

the brain microenvironment.

Whole genome sequencing of 26 breast-to-brain metastatic patients was conducted to identify
genetic alterations shared between primary breast tumours and brain metastasis. Among the
findings, ARFGEF3 mutations were prominently identified. This study demonstrates that loss
of ARFGEF3 impacts the expression of neurotransmitter receptors. ARFGEF3 appears to
regulate certain neurotransmitter receptors, suggesting a potential mechanism contributing to
brain metastasis. Neurotransmitter receptor expression plays a crucial role in forming active
connections with neurons, enabling breast metastatic cells to form pseudo-synapses and adapt
to the brain microenvironment. To achieve this, firstly the knockout of ARFGEF3 in MCF-7
cells using CRISPR-Cas9, a model previously generated by Ivonne Olivares were validated.
Confirmation of gene knockout was performed using RT-PCR and Western blot analysis,
ensuring the absence of ARFGEF3 expression in the KO clones. Subsequently, cell growth
assays demonstrated that ARFGEF3 loss does not affect cell proliferation rates, phenotypic
changes resembling mesenchymal-like traits were observed. Furthermore, the loss of
ARFGEF3 results in a significant alteration in the expression of neurotransmitter receptor

subunits, particularly those involved in GABAergic and glutamatergic signaling pathways.

Key findings from this study include:
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ARFGEF3 knockout breast cancer cells exhibit a mesenchymal-like morphology while

maintaining similar proliferation rates compared to control cells.

Loss of ARFGEF3 does not affect PHB2 transcriptionally but leads to its upregulation at the

protein level, suggesting post-transcriptional or translational regulation.

ARFGEF3 knockout cells show differential expression of multiple neurotransmitter receptor
subunits, including upregulation of GABRG1, GABRB3, GABRAS, GABRE, GABBRI,
GRIN2C, and GRIN2D, along with the downregulation of GRIN1, GRIA2, GABRG2, and

GABRB2.

Protein-level validation using Western blot, flow cytometry, and immunofluorescence
confirmed the upregulation of key neurotransmitter receptor subunits, particularly GABRG1

and GRIN2D, which are implicated in interactions with the brain microenvironment.

The observed alterations in neurotransmitter receptor expression suggest that ARFGEF3 loss
may facilitate breast cancer cell adaptation to the brain microenvironment, contributing to

metastatic colonization.

While this study provides key insights into the role of ARFGEF3 in breast-to-brain metastases,

several questions remain unanswered, necessitating further research:

To wuncover the downstream signaling pathways influenced by ARFGEF3, RNA
sequencing should be performed on ARFGEF3 KO and control cells. This will help identify
differentially expressed genes and pathways involved in neurotransmitter receptor regulation,

tumor progression, and metastasis.

To perform co-culture experiments with human neuronal cells and ARFGEF3 KO/control

MCEF-7 cells. Using gold nanoparticle labeling and electron microscopy, this model could
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provide valuable insights into pseudo-synapse formation. These pseudo-synapses facilitate
communication and enhance tumour cell survival within the brain, a critical factor in successful
colonisation by metastatic cells. Establish mouse models to assess whether ARFGEF3 KO

breast cancer cells exhibit increased metastatic potential to the brain. This will provide critical

in vivo validation of our findings.

Additionally, expanding the analysis to include other neurotransmitter receptors. These
receptors, potentially forming complexes or synapse-like structures with neurons, could reveal
intricate signalling mechanisms that ARFGEF3 mutations enable. Investigating their collective
role could provide insights into how ARFGEF3 loss alters receptor expression and

functionality to promote brain metastasis.

To investigate the role of connexins, which are involved in gap junction formation, in
mediating tumor-astrocyte interactions. Understanding these interactions may reveal novel

mechanisms of tumor cell adhesion and survival in the brain microenvironment.

Advanced methodologies such as migration and invasion assays, combined with 3D models,
would also add valuable data to this investigation. These assays can simulate the dynamic
processes of tumour cell migration across the blood-brain barrier (BBB) and subsequent

invasion into the brain parenchyma, providing a functional perspective on ARFGEF3’s impact.

Identifying these pathways can pave the way for discovering therapeutic targets aimed at
disrupting these interactions, offering potential strategies to combat brain metastasis in breast
cancer patients. Integrating all these approaches will significantly enhance the understanding
of ARFGEF3's role and its implications in the progression of metastatic breast cancer to the

brain.
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